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I. Hisroricau. Perhaps no single therapeutic measure, surviving 
to the present day, has had such a long and variable history in legend 
and fact as has that of the transfusion of blood, even antedating cireum- 
cision in its hypothetical genealogy. In popularity and application it 
has waxed and waned periodically, with the vigor and number of its 
proponents and opponents. Every revival of the advocacy of blood 
transfusion has been heralded by a critical review of all obtainable data 
from preceding epochs as a basis for the attempt to restore it to the 
position of an ethical medical or surgical procedure. The one exception 
may be the increased attention and serious consideration attracted to 
the question through the beginning clinical application of the iso- 
agglutination phenomenon (1910) and soon thereafter through the 
exigency of the circumstances occasioned by the recent world war. 
Certainly an attempted analysis of the problem today, as in the past, 
entails, at least, a brief recounting of some of the more outstanding 
milestones of accomplishment in what is unquestionably one of the most 
interesting and romantic chapters in medical history. 

To facilitate a rapid survey of the more remote observations and 
experiences it may be of advantage to divide roughly the history of 
blood transfusion into seven periods: the first embracing the legend 
and fact of antiquity to 1665; the second from the year 1665 to 1668; 
the third from 1668 to about 1818; the fourth from 1818 to 1870; the 
fifth from 1870 to 1900; the sixth, 1900 to 1910; and the seventh from 
1910 to the present day. 

First period (to 1665). ‘Those mighty masters of antiquity who 
first discovered the principles of things!’ Without entering into lengthy 
details on the point, it is easy to establish that, at least, the possibility 
of transfusion was conceived by the ancients. Many references are 
made to transfusion of blood in the writing of the ancient Egyptians, 
the practice it is thought having been reserved for the healing of their 
princes (Histoire des anciens Egyptiens). Herophilus, the great Alexan- 
drian anatomist, speaks of it. It was condemned, among others, by 
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Pliny and Celsus. A frequently quoted couplet from Ovid (23) indicat- 
ing a passing allusion to the transfusion of blood has served as text for 
the belief that this operation was known or even practised in the Augus- 
tan era. Many other citations from early sources are contained in a 
letter of la Martiniére to M. de Colbert, as quoted by Oré, of more 
than passing interest from an historical standpoint. Transfusion thus 
seems to have been acclaimed with real enthusiasm by many, previous 
to the second half of the seventeenth century. The physicians, the 
poets, the philosophers considered it as an infallible means of overcom- 
ing what a certain grim humor has called “that terrible disease— 
extreme old age.”” It promised, in a word, the complete regeneration of 
humanity, the attainment of the always sought after “fountain of 
youth.” It was in the midst of such enthusiasm that the attempt was 
made by an unnamed Jewish innovator to rejuvenate the waning physi- 
cal powers of Pope Innocent VIII (1492). Whether the blood of the three 
youths that were sacrificed was actually introduced surgically (30, 32) 
or whether, as seems more probable, a potion was made which was taken 
by mouth (20), the lack of success in prolonging the life of the Pope 
through the “new blood” exerted a decided influence on the side of those 
vigorous in their opposition to the procedure. The opponents, both 
civil and professional, henceforth for many years were in the ascendancy 
completely. Hotz (1919) recently has attempted to trace the history 
of the transfusion of blood back to Cardames’ work published at 
Basel, 1556, in which Cardames suggested the transfusion of blood from 
a person of good character in the hope of redeeming the character of the 
otherwise hopelessly immoral. 

While these frequent references to blood transfusion in the early litera- 
ture lend themselves to speculative interpretation, the fact remains that 
no attempt at describing or indicating any technical procedure for the 
operation is met with until the writings of Libavius appear (1615). 
He describes having seen an operation performed by an unnamed quack 
doctor in which blood was passed by means of silver tubes from the open 
vessels of one person into the vessels of another, again as an act of 
rejuvenation. 

Second period (1665-1668). It would appear that the new impulse 
given to all physiological and pathological studies in the return from 
the old Galenistic doctrines, through the results of Harvey’s researches 
on the circulation (1628), formed the real basis for the initiation of new 
and more successful attempts to rehabilitate the operation of blood 
transfusion. Colle, in this year, mentions transfusion as an odd proce- 
dure which he condemns. 
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_ After Clarke and Henshaw, on pigeons, and Richard Lower, on dogs, 
had made preliminary experiments (1664) in transfusion from vein to 
“dying vein,” the latter succeeded in 1666 in carrying into effect what 
may be said to be the first authenticated successful experiment. Sir 
Christopher Wren, assisted by Boyle and Wilkins, had been the first to 
successfully inject into the veins of dogs opium and other drugs (1656). 
J. D. Major in 1664 (published in 1667) made the first successful in- 
travenous injections in man and if the experiences related in his writings 
are correct as to time and procedure he is probably the first to have prac- 
ticed transfusion on man. He reports transfusing his teacher and friend 
Professor Doctor Johan Michaelis of Leipzig for paralysis, October 1666. 
Richard Lower reported many interesting observations: the curing of 
a mangy dog in ten days after transfusions with blood from a healthy 
dog; and the transfusion of a dog for acute anemia following splenectomy 
with hemorrhage. 

Following the successful experiments of Lower on dogs, for which he 
gives the first complete outline of procedure in a letter to Robert Boyle 
whom he charged to communicate it to the Royal Society (1666), 
the Royal Philosophical Society of London devoted the greatest interest 
and enthusiasm to transfusion. 

Other experiments on animals by Edmond King (1666) and Thomas 
Coxe (1667) demonstrated the feasibility of transfusion from vein to 
vein, whereas previously the necessity of artery to vein transfusion had 
received emphasis. In the diary of Samuel Pepys, November 14, 1666, 
mention is made of the successful transfusion of the blood of a dog of 
one species into that of another at a meeting at Gresham College by 
Mr. King and Mr. Thomas Coxe. “This did give occasion to many 
pretty wishes, as of the blood of a Quaker to be let into that of an Arch- 
bishop, and such like; but, as Dr. Croone says, may if it takes, be of 
mighty use to man’s health, for the amending of bad blood by borrow- 
ing from a better body.” 

As the first procedure for transfusion together with its first success- 
ful consummation in animals may be attributed to the work of Richard 
Lower at Oxford, so the first successful performance of transfusion in 
man is generally accredited to Jean Denis, June 15, 1667, in France. 
Denis knew of the animal transfusions of don Robert de Gabets, a 
Benedictine monk, as reported more than ten years before (8) and after 
preliminary experiments in dogs similar to those done by Lower, but in 
which Denis and Emmeretz were able to conserve for the first time donor 
as well as recipient, the opportunity of trying the procedure in man 
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presented itself. In a “letter written to M. de Montmor, Counsellor of 

he King in his Councils, etc., by J. Denis, Doctor in Medicine, Profes- 
sor of Philosophy and Mathematics’’ (1667), the results of his ventures 
in two human cases are given. A youth of 17 years, suffering from a 
fever of two months’ duration, and moribund from repeated venesec- 
tion (twenty times), was transfused into the vein with nine ounces of 
the arterial blood of a sheep, “‘with entire and almost immediate suc- 
cess.” The second essay was one rather of scientific curiosity than 
necessity ; the patient, a stout man, aged 45, received, for a consideration, 
an injection of lamb’s blood, as in the first case, without experiencing 
any disturbance in the prosecution of his ordinary vocation. On July 
24, 1667, Denis transfused Baron Bond, son of the Prime Minister of 
Sweden, but without ultimately curing this noted patient. 

Richard Lower and Edmond King followed a little later in the same 
year (November 23, 1667) with the first successful human transfusion 
in England, nine to ten ounces of blood being given from the carotid 
artery of the sheep. “The man, after the operation, as well as in it, 
found himself very well.’ 

Claude Tardy (1667) of the Faculty of Medicine, Paris, presents the 
first book on the utility of transfusion, reasoning that this operation 
should work better on man than in animals, and considers it both more 
convenient and less dangerous to do the vein to vein (as Edmond King 
and Thomas Coxe) rather than the artery to vein operation. He 
indicates the manner of performing the operation and presupposes the 
person who furnishes the blood will not give more than is superfluous to 
him, otherwise this operation would be barbarous. While recognizing 
the use of animals as donors, in a letter to Le Breton, of the Faculty of 
Medicine of Paris, he admits that the blood of man is better for trans- 
fusion than that of animals. He gives as indications for transfusion, 
senility, ulcers, erysipelas and all other manifestations of like nature 
indicating ‘‘vessels full of bad humors and corrupted blood.”’ 

“Veteran doctrines, religious prejudices, and metaphysical sophisti- 
cations” mingled themselves with the heated discussions which arose 
following the appearance of Denis’ letter in France. There were 
formed two scientific camps violently opposed, the one to the other, 
la Martiniére (1668) leading the opposition and Denis defending the 
small group of transfusers. 

The climax came when Denis, having successfully transfused a de- 
mented man in December of 1667 with a temporary subsidence of the 
mania, was prevailed upon to attempt a second transfusion in January, 
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1668, for the condition which had returned. Though started, the trans- 
fusion was not completed, the man dying within the next few hours. 
The litigation which followed, while exonerating Denis, was made the 
immediate excuse for the edict of Chatelet, banning the practice of 
transfusion on man without the approval of the Faculty of Medicine of 
Paris. 

In Italy, during this brief period, although Cassini and Griffoni 
(1668) had made many successful experiments on animals, the latter 
reporting the restoration of hearing to an aged deaf dog through trans- 
fusion, and Riva and Manfredi (1668) had put the operation into 
practice, nevertheless the magistrates in Rome were so impressed with 
the sentence of Chatelet, that in the same year the transfusion of animal 
blood into man was forbidden there also (21). It was these civil edicts 
which marked the very sudden close of the first real period of the physio- 
logical history of blood transfusion. 

Third period (1668-1818). In England and in Germany there con- 
tinued during the remainder of the century a few sporadic transfusion 
experiments or discussions (Merelslin, 1672; Sturm and Hérm, 1676; 
Klein, 1680; Ettmiiller, 1682; Dolaeus, 1690) but without adding any 
new data. The experiences with infusion medication for lues, epilepsy, 
fever, melancholia, hysteria, apoplexy and other diseases, gradually 
accumulated, but to a limited degree only (Fabritus, 1665; Ettmiiller, 
1668; Purmann, 1670; Muralto, 1677; Zollicoffer, 1682). During the 
eighteenth century there is practically no mention made of the procedure 
of blood transfusion (collected by Scheel, 1802). 

In 1802 there appeared a monograph by Paul Scheel, the result of a 
careful and laborious review of the literature of infusion and transfusion. 
Two years were spent in collecting and compiling from the original 
sources in their respective countries all material in the literature up to 
that time. No original experiments were presented but from the accu- 
mulated data (practically none having been found for the hundred years 
preceding, 1700-1800) the operation of blood transfusion was recom- 
mended as a worthy procedure. 

Fourth period (1818-1870). It was not, however, until Blundell, a 
thoughtful and sympathetic surgeon, had been stimulated to reflection 
after a hopeless consultation in a case of fatal uterine hemorrhage, that 
the probable efficacy of transfusion of blood was again seriously pro- 
mulgated (1818). Blundell immediately began extensive experiments 
on dogs resulting in the publication of his Physiological and Pathological 
Researches (1824) which brought transfusion again to the notice of the 
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profession and once more demonstrated the practicability of its apph- 
cation. It is to this publication and to the article in his Obstetrics 
reprinted in Washington, D. C. (perhaps the earliest of the very few 
medical works issued here) that is due the prominence accorded ever 
since in text books to this operation as a restorative means after puer- 
peral hemorrhage. The main contributions resulting from this work 
are: the ease, convenience and safety of syringe transfusion without 
making the blood insufficient for vital function; the life-saving efficacy 
of a quantity of blood for transfusion considerably smaller than that 
lost in the hemorrhage. Blundell’s long series of experiments on dogs 
was followed by nine human transfusions, which gave the very satisfac- 
tory results of six cures in desperate cases. 

Of the physiological memoirs on the question elicited by Blundell’s 
essays the most prominent and well known probably is that of Dieffen- 
bach, (1828). He used both “‘mediate”’ and “immediate’”’ transfusion, 
the former being accomplished by means of a syringe, the blood being 
held a more or less long time after withdrawal. He concludes that: 
immediate transfusion after severe hemorrhage is able sometimes to 
save life, but even in the most favorable cases it is not without danger; 
mediate transfusion must be concluded within 3 hours for the blood to 
retain its revivifying power (in contradiction to Blundell’s 24-hour 
period); blood preserved for some time and kept liquid through shaking, 
when injected into an animal of another species, is promptly fatal. 

Following Dieffenbach’s emphasis on the toxic effect of preserved 
blood in transfusion came the work of Bischoff (1838) analyzing and 
stressing the cause, viz., the serious danger from the rapidity with which 
fresh fibrin forms toxic coagulates. Defibrinated blood for transfusions 
proved entirely innocuous even in animals of different species (mammals 
to birds), while non-defibrinated blood caused death analogous to that 
of poison in a few seconds. Bischoff believed the active vital principle 
to be the cells, the serum and fibrin to be unnecessary. The red cells 
of the mammal being smaller than those of birds, he concluded that the 
fatalities were not due to mechanical cellular emboli but to fibrin coagu- 
lates in the veins (Giovanni Polli, 1852). He declared also for the toxic- 
ity of venous blood in contrast to the innocuity of arterial blood. 

The experimental studies of Brown-Sequard (1857) at this time are 
interesting historically. ‘Into dogs I have transfused, by the jugular 
vein, the blood of the rabbit, guinea pig, cat, cock, hen, pigeon, duck, 
turtle (three species), frog and eel.. When I have used fresh arterial 
blood or defibrinated venous blood charged with oxygen, I have not 
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observed other trouble than the momentary alteration of the respiration 
and circulation following transfusion into the jugular vein, an altera- 
tion which depends without doubt principally upon the distention of 
the right heart by the injected blood.”” He concludes that the blood of 
a vertebrate of one species is not toxic for the vertebrate of the same 
species far removed, provided the concentration of carbonic acid is not 
in excess. 

That transfusion may be a life-saving measure after hemorrhage 
(Lower, Milnes Edwards, Polli, Nicolas, Denis, Blundell, Bischoff) ; 
that less transfused blood is required for survival than has been lost 
through hemorrhage (Blundell, Nicolas, Polli) ; that defibrinated blood is 
the method of choice (Bischoff, Dieffenbach, Prevost and Dumas, Polli, 
Nicolas), and that serum alone is not sufficient after hemorrhage (Pre- 
vost and Dumas, Bischoff, Dieffenbach) may be considered the contribu- 
tions made toward the solution of the transfusion problem by the fourth 
period. 

Fifth period (1870-1900). About the year 1870 there appeared 
almost simultaneously from England, France, Germany and this country 
monographs reviewing exhaustively the earlier work on transfusion of 
blood, with tables of the reported cases making up the literature of the 
preceding quarter century, and presenting to the profession original 
observations in support of the procedure. I refer to the works of Pro- 
_ fessor Oré (1868) of Bordeaux, of Doctor von Belina-Swiontkowski 
(1869) of Heidelberg, of Dr. W. B. Drinkard (1870) of Washington, and 
of Roussel (1876) of Geneva. These reviews cover the subject com- 
pletely up to the period of their publication, that of von Belina being 
perhaps the most detailed, and for a student of the subject they 
should prove most interesting reading. Oré contributes observations 
on the danger of introducing more than 50 cc. of air into the veins, 
amounts in excess of this causing death within two to three minutes from 
distention and paralysis of the right heart. Even larger quantities of 
oxygen, hydrogen or carbon dioxide he found non-fatal, their toxicity 
being directly proportional to their individual solubilities in the blood. 
Oré lists 79 cases of human transfusion with success in 55. Von Belina 
cites from the literature 155 cases, with good results in 75, transitory 
good results in 3, 5 doubtful, and 72 without result; in only 2 cases was 
animal blood used and these are classed under the doubtfully successful; 
not less than seventeen different kinds of apparatus were used, good 
illustrations and descriptions of each being given. A new portable 
apparatus devised by himself and Doctor Helmholtz on the principle of 
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a glass reservoir with air pump is described with the recommendation 
of indirect transfusion with defibrinated blood, the red cells being the 
vital restorative portion in transfusion. 

Drinkard lists 170 cases with success in 72. He reports the only 
four published cases of transfusion in this country up to 1871, one of 
these having been performed during the Civil War. 

Gradel (1874) reports what he deemed to be the first instances in 
this country of ‘‘an operation so long regarded as a curiosity.” Follow- 
ing the reported cure of several advanced cases of phthisis among 40 
cases transfused with lamb’s blood from the clinic of Doctor Hasse of 
Nordhausen, Germany, the opportunity presented for its trial in this 
country. The patient, a tubercular case, received into the median 
basilic vein directly about 8 ounces of blood from the carotid artery of 
alamb. Severe reaction followed as also in the second case in which 10 
to 12 ounces of lamb’s blood were transfused directly. In the same year 
Fryer (1874) reported transfusions with a modification of the Aveling 
tube-bulb-cannula apparatus. However, during the remainder of this 
century the operation of blood transfusion continued to be a novelty 
without general acceptance or use. 

Sizth period (1900-1910). With the beginning of the twentieth cen- 
tury came the recognition of iso-agglutination and the phenomena at- 
tendant upon the incompatibility of human bloods. For a decade, 
however, it was of interest only in and of itself and as a possible diag- 
nostic point in disease, and no trial application of it to the problem of 
blood transfusion was attempted largely because this procedure was in 
one of its periodic cycles of disfavor. 

Seventh period (1910 to the present day). Following Moss’ (1910) 
emphasis on the application of Landsteiner’s (1901) principle of specific 
iso-agglutination, unfortunate reactions began to be understood and to 
be controllable, as not before, through preliminary in vitro tests, and the 
following decade provides a history of the perfection and application of 
this new epoch-making discovery to blood transfusion coincident with 
a corresponding impetus toward improving the technic and apparatus for 
the procedure. With the beginning of the last war with its attendant 
wholesale victims of shock and hemorrhage, there was added a fresh 
impetus to investigation in the field of the usefulness of transfusion. 
With transfusion become a more certain, scientifically controlled, thera- 
peutic agent, physicians began to use this operation more freely in 
selected cases. Out of this and out of the general increase in interest 
in scientific research in all lines to-day have come the refined methods of 
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procedure, the recognition of agglutination titre, of possible additional 
iso-agglutinins, of means of preserving and transporting blood for trans- 
fusion, of additional conditions in which transfusion may be efficacious, 
of the importance of the white blood cell to the residual toxic reactions, 
of the medico-legal applications, of ethnological and anthropological 
implications, etc., ete. Of these and of their development we shall treat 
under the appropriate sections in the attempt to strike an inventory 
of the present status, and to indicate something of the future of the trans- 
fusion problem. 

II. THEORETICAL PROBLEMS. A. Red Blood Cells. 1. Pseudo-isoag- 
glutination. Rouleaux formation. The occasional tendency to 
marked rouleaux formation in normal human blood has caused not a 
little discussion with reference to its significance, and particularly as to 
its possible confusion with, or relation to, true iso-agglutination (Dutton, 
1924; Clough and Richter, 1918; Sellards, 1908; DeCastello and Sturli, 
1902; Learmonth, 1924; Dudgeon, 1908-09). As early as 1853 Jones, 
and later Paget (1871) had observed a peculiar tendency of blood from 
persons with certain acute infections to undergo rapid agglutination 
(rouleaux formation) when poured on a glass plate. Shattock (1899) 
rediscovered this tendency to rouleaux formation in fresh human blood 
in certain of his cases, a dilution with salt solution markedly inhibiting 
the phenomenon through the supposed dilution of an inherent agglutinat- 
ing substance. In horses’ blood he thought this substance considerably 
exceeded that in human blood in that it would withstand dilution to a 
notably larger extent before losing its action on the chromocytes. 

Almost every investigator of the phenomenon of iso-agglutination 
the past quarter century has warned of rouleaux formation. Lear- 
month (1924) is representative of a group who emphasize the necessity 
of only macroscopic readings for agglutination, as, microscopically, 
rouleaux formation is subject to misinterpretation, thus introducing a 
potentially serious source of error. Recently Lattes (1924) has shown 
that the addition of lecithin to fresh serum deprives it of all rouleaux- 
forming properties without affecting the iso-agglutinins, thus provid- 
ing a means of control readily applicable when any doubt arises as to 
the true nature of a doubtful reaction. This should prove of particular 
value in certain pathological conditions where the tendency to rouleaux 
formation seems to be unusually marked. Siracusa (1924), working 
in Lattes’ laboratory, has investigated the rouleaux forming properties 
of a large number of animal sera, finding them variable according to 
the species, the horse having the most marked reaction. As in human 
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sera, this property, unlike true iso-agglutination, was found to be modi- 
fied by dilution, by heating, or, more slowly, by standing at room tem- 
perature, and through agitation of the suspension, the rouleaux clumps 
being easily dispersed by mechanical manipulation. 

Panagglutination (auto-agglutination, hetero-agglutination). The 
first observations upon the phenomenon of auto-agglutination were 
made a decade before Shattock’s observations (Reitman, 1890). Al- 
though theoretically, according to Landsteiner’s law, a serum never 
contains agglutinins for its own corpuscles, yet clinical and experimental 
observations show that practically auto-agglutination does oecur (Ascoli, 
1901; Klein, 1902; Hektoen, 1906; Clough and Richter, 1918; Kligler, 
1922; Li Chi-Pan, 1924; Mino, 1924). 

Clumping of the corpuscles by their homologous serum may be of 
two varieties. In bloods, the corpuscles of which possess a power of 
rapid sedimentation, the precipitation of the cell suspension, entirely 
independent of any agglutinin action, may simulate true agglutination 
macroscopically. The prominence, at the present time, of the sedimen- 
tation test in the diagnosis of pregnancy (Falgairolle, 1926; Fahraeus, 
1921, et al.) and certain pathological conditions (Loehr, 1922; Herr, 
1925) such as tuberculosis (Levinson, 1923; Katz, 1922; Kiimmel, 1922, 
et al.) and the infectious diseases, should readily mark out this phenom- 
enon from true iso-agglutination. Plaut (1920) is of the opinion that 
the rapidity of sedimentation might be explained along the lines of 
auto-agglutination. 

A second phenomenon, however, characterized by a low temperature 
(0° C.) non-specific agglutination, reversible at higher temperatures, 
in which the corpuscles adsorb the active principle (Landsteiner, 1903) 
needs more careful consideration. The adsorbed agglutinins can be 
obtained by washing the agglutinated cells in cold saline and subjecting 
the washed cells to higher temperatures. The saline solution thus ob- 
tained may contain also hetero-agglutinins acting only at low tempera- 
tures (Hirschfeld and Bialosuknia, 1922; Clough and Richter, 1918; 
Guthrie and Pessel, 1924; Li Chen-Pien, 1926). Unlike the iso-agglu- 
tinins this property of auto- or panagglutination (Mino, 1924; Badino, 
1926) seems to be considerably influenced by some pathological con- 
ditions, particularly in cirrhosis and trypanosome or spirochetal infec- 
tions (Klein, 1902; Landsteiner, 1909; Widal et al., 1908; Nattan- 
Laurier, 1910; Yorke, 1911; Clough and Richter, 1918; Kligler, 1922; 
Mino, 1924; Chen-Pien, 1926; Bond, 1920). Some authors (Fahraeus, 
1921) have tried to attribute differential diagnostic significance to the 
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degree of auto-agglutination, on the same basis as the sedimentation 
test, so-called. In the case studied by Clough and Richter they found 
that the auto-agglutinin in the serum varied markedly in its effective 
titre from time to time, being at one period active in a dilution of 1 in 
500 and two months later 1 in 16, only. Rarely, however, does the 
titre exceed 1 in 5, and a very moderate dilution of the serum together 
with a raising of the temperature reveals the pseudo character of the 
clumps (Ascoli, Landsteiner, Dudgeon, Lattes). Lattes (1925) and 
Schiamoff and Jelanski (1923) believe the phenomenon of auto-agglu- 
tination to be merely an accentuated rouleaux formation, a dilution of 
the serum revealing this essential nature of the clumping, whereas, in 
true iso-agglutination, dilution shows only a lessening of the size of the 
assential clumps (Higgins, 1926), never rouleaux. Also because of the 
lecithin action and a rapid loss of non-specific agglutinative power on 
standing, Lattes believes auto-agglutination to be influenced by the 
same factors as rouleaux formation, thus definitely differing from true 
iso-agglutination. However, Rous and Robertson (1918) in their 
rabbits found no relationship between rouleaux formation and auto- 
agglutination, and therefore dissociate the two as entirely separate 
phenomena. Vorschiitz (1923) postulates a fifth group to explain these 
phenomena. 

Clough and Richter were able to selectively adsorb the auto-agglutinin 
from the iso-agglutinin in their case, and Li Chen-Pien has fractionated 
the “cold agglutinins” in his case into a “cold auto-agglutinin” and a 
“cold hetero-agglutinin.” The latter found no autohemolysin in the 
blood as did Donath and Landsteiner (1908) in their cases of paroxysmal 
hemoglobinuria. ‘Cold agglutination” was found to be greatly accel- 
lerated by acetic acid and saturated solution of ammonium sulphate 
and inhibited by alkaline solutions, and at temperatures of 37°C. (Chen- 
Pien). 

Lattes and Cavazzuti on the basis of the study of their case decided 
their observations had to do with a pseudo-agglutination which they 
define as a misleading phenomenon which can simulate the appearance 
of iso-agglutination, but has no specificity, is not accompanied by ad- 
sorption, and does not necessarily coincide with auto-agglutination in a 
strict sense. Amzel and Hirschfeld (1925) found the “heat amplitude” 
for iso- and hetero-antibodies to be from 0°C. to something over 40°C., 
that of auto-antibodies to be from 0°C. to 5°C., seldom over. 

The mechanism of auto-agglutination is still largely a matter for 
speculation. It would seem that in certain diseases there is an auto- 
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agglutination which is purely physical, while in other instances there is 
quite obviously a reaction involving the action of an antibody respond- 
ing possibly to some antigenic product of the disease (Lattes). Rous 
and Robertson (1918) induced the production of powerful, low tempera- 
ture auto-agglutinins in rabbits by repeated bleedings and transfusions 
with rabbits’ blood, though noting no change, qualitative or quantitative, 
in the iso-agglutinins. According to Clough and Richter, the ‘‘cold” 
or auto-agglutinin is present in the euglobulin fraction of the protein. 
Li Chen-Pien gives an interesting discussion of the mechanism of “‘cold 
hemagglutination.”’ 

Because of the observation of the phenomenon of auto-agglutination 
in the blood of the daughter of one patient (Clough and Richter), and 
in three members of one family in another instance (Guthrie and Huck), 
it is suggested that it may be an hereditary characteristic. 

From the literature cited, the very labile status of the phenomena of 
pseudo-agglutination will be seen. Landsteiner and Witt (1926) analyze 
the present situation very fairly when they write: 


In human sera there exist commonly agglutinins—‘‘cold’’-agglutinins— 
differing from the well-known isoagglutinins in that their effect is generally much 
more diminished by increased temperatures. These ‘‘cold’’-agglutinins, ap- 
parently related to and in part identical with autoagglutinins, display a certain 
specificity (Bialosuknia and Hirschfeld) and under suitable conditions their 
effects appear as atypical (minor) isoagglutinin reactions. The sensitiveness to 
changes in temperature warrants a differentiation of these substances from the 
common isoagglutinins, although agglutinins exist which seem to be intermediate. 


These phenomena of pseudo-isoagglutination, then, must be recog- 
nized as definite sources of possible error in red blood cell grouping. 
Only partial understanding and limited means of control exist at the 
moment but these should be utilized as wisely as possible until a fuller 
understanding shall come through further additional investigations into 
these peculiar border-line reactions. 

2. Iso-hemoagglutination. While it is possible that Samuel Shattock 
(1899) was dealing not only with rouleaux formation but also with true 
iso-agglutination, it is clear that he did not distinguish the two except 
as his objective descriptions may be so interpreted in the light of Land- 
steiner’s work. His carefully made and clearly presented observations 
in pathological states, however, and their influence on the scientific 
thought of the time (see bibliography, Eisenberg, 1901) may well be 
considered a fitting preliminary to the work of Landsteiner (1900-01), 
which appeared somewhat later. Ehrlich and Morgenroth (1900), 
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meantime, in their work on hemolysins, had differentiated the phe- 
nomena of auto-, hetero-, and isohemolysis, applying the term “‘iso”’ 
to intraspecies reactions. 

Following a careful study of the bloods of twenty-two persons inves- 
tigated from the standpoint of iso-hemagglutination, Landsteiner (1901) 
first pointed out that a specific group relationship exists between the 
bloods of normal human individuals. ‘In a number of cases (Group 
A) the serum agglutinates the corpuscles of another group (B) not, 
however, those of A; while the corpuscles of A are agglutinated by the 
serum of B. In the third group (C) the serum agglutinates the corpus- 
cles of A and B.”” To explain the behavior of his three groups Land- 
steiner postulated the existence in normal sera of at least two iso-agglu- 
tinins independent of any causal relationship to disease, and suggested 
the application of his findings to ‘‘therapeutischer Menschenbluttrans- 
fusionen” (1901). 

The following year von Decastello and Sturli (1902), the latter a 
collaborator with Landsteiner earlier, in a study of 155 persons, de- 
scribed the finding of four exceptions to Landsteiner’s original three 
iso-agglutinin groups. The sera of these exceptions did not agglutinate 
any corpuscles, the corpuscles were agglutinated by the sera of all 
Landsteiner’s groups, but not by the sera of their own group. Bordet 
(1899) had discovered that agglutinins could be removed, and von 
Decastello and Sturli by adsorption experiments showed the presence 
in normal persons of two agglutinins, one in serum A, the other in 
serum B, and both together in serum C. 

Hektoen (1907) again confirmed the three groups of Landsteiner, 
citing exceptions corresponding to those already recorded by von De- 
castello and Sturli. 

But it was left for Jansky (1907) to first incorporate these exceptions, 
which had been noted in at least two investigations previously, into the 
biological schema as a fourth group. His four groups are as follows: 

Group I. Serum agglutinates the corpuscles of groups II, III, IV. 
Corpuscles not agglutinated by any sera. 

Group II. Serum agglutinates the corpuscles of groups III and IV, 
but not those of I and II. Corpuscles agglutinated by sera of groups I 
and III, but not by those of II and IV. 

Group III. Serum agglutinates the corpuscles of groups II and IV, 
but not those of I and III. Corpuscles are agglutinated by sera of 
groups I and II, but not by those of IIT and IV. 

Group IV. Serum agglutinates the corpuscles of no groups. Cor- 
puscles agglutinated by all other group sera. 
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Landsteiner (1909) in a monograph appearing as a section of Oppen- 
heimer’s Handbuch der Biochemie gave a complete description of the 
four blood groups. 

In the same year Moss (1909, 1910), in this country, in a most complete 
and careful investigation, reported similar findings, however, judging 
from the percentage distribution of the various groups (table 1) groups 
I and LV were reversed in numerical nomenclature by Jansky and Moss. 
Owing to the obscurity and inaccessibility of Jansky’s publication, the 
real interest in, and application of, the principle of blood grouping dates 
from the later publications of Landsteiner and Moss. It is not un- 
natural, therefore, that the groupings as presented by Moss should 
have taken precedence in American, English and French literature. 
However, the confusion resulting from these two different classifications 
is very real, not to say dangerous. In speaking of either groups I or 
IV, it is now, and will be for many years, necessary to qualify the desig- 
nation by “Moss” or ‘‘Jansky”’ classification. 

In correlating the work of Landsteiner, Jansky and Moss: Land- 
steiner’s group C is Jansky’s group I, Moss’ group IV; Landsteiner’s 
group A is Jansky’s and Moss’ group II; Landsteiner’s group B is Jan- 
sky’s and Moss’ group III; Jansky’s group IV, Moss’ group I (von 
Decastello and Sturli and Hektoen’s exceptions to Landsteiner’s three 
original groups). 

Recognizing, particularly during the late war, the complicating con- 
fusion and danger attendant upon this Jansky-Moss differential nomen- 
clature, a committee in this country representing the American Associa- 
tion of Immunologists, the Society of American Bacteriologists and the 
Association of Pathologists and Bacteriologists recommended (1921), 
on the basis of priority, the universal adoption of the Jansky classifica- 
tion. Unless otherwise designated, the Jansky classification will be 
used in this paper in recognition of the great desirability of an eventual 
uniformity of terminology. 

Some such table as that given by Beck (1926) should be used in text 
books and treatises for some time to come that clarity may the more 
readily prevail, with perhaps parenthetical reference to the ‘universal 
donor” characteristic (see later limitations of this concept) of Moss 
group IV, Jansky group I. A still safer nomenclature is that, already 
appearing in the literature, of O-A-B-AB bloods, designating directly 
the agglutinogen content of the cells. 

The existence of these four clearly defined groups and their hypo- 
thetical explanation on the basis of two agglutinins, a and £, (serum), 
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and two agglutinogens, A and B, (cells), (von Dungern and Hirschfeld, 
1910) has been generally accepted. By the fractional adsorption of 
agglutinins from polyvalent sera and by the fractional saturation of 
receptors of polyvalent cells the validity of the hypothesis has been 
demonstrated (von Decastello and Sturli, 1902; Hektoen, 1907; Koeck- 
ert, 1920; Gichner, 1922; Schiitze, 1921;et al.). The cell receptors A and 
B, the former occurring in bloods designated as group II, the latter in 
group III, have led to the common reference to these two key groups as 
“A” and bloods, respectively. 

However, even as in the very beginning of the recognition of iso-hemag- 
ghutination, there were noted “‘exceptions” to the three groups recog- 
nized by Landsteiner, so have ‘exceptions’ to the four established 
groups been noted in the work of almost every investigator in this 


TABLE 1 
per cent per cent 
I 37.5 IV 43 O (‘‘universal donor’’) a8 
Il 37.5 II 40 A B 
Ill 18.7 Ill 7 B a 
IV 6.3 I 10 AB o 


field through the years, not excluding the work of Landsteiner (1901) 
and Jansky (1907) themselves (Ottenberg, 1911; Brem, 1916; Meleney 
et al., 1917; Happ, 1920; Unger, 1921; Schiitze, 1921; Hooker and An- 
derson, 1921; Armstrong and Matheson, 1924; Hesser, 1924; von Dun- 
gern and Hirschfeld, 1911). 

Langer (1903) cited one serum examined containing six kinds of 
iso-agglutinins as demonstrated by successive adsorptions with differ- 
ently agglutinable cells. Von Dungern and Hirschfeld (1911) assumed 
that group II is made up of three sub-groups which they differentiated 
by means of certain group III sera. Unger (1921) described “minor” 
agglutinins and Culpepper and Ableson (1921) thought the groups 
“overlapped,” thus explaining reactions between members of the same 
group. The practical evidence of the recognition of these exceptions to 
the general rule lies in the increasing frequency with which emphasis 
has been placed upon the necessity for direct matching of donor and 
recipient, rather than dependence upon identical groupings only. 
Today in no modern clinical laboratory will the omission of a direct 
matching of bloods immediately preceding transfusion be countenanced. 
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It was inevitable that sooner or later the blood grouping exceptions 
accumulating in the literature together with the toll of fatal or near 
fatal reactions following in their wake on the clinical side, would demand 
a systematic study. 

Into a more or less prepared atmosphere, then, at least as prepared 
as was Landsteiner’s, came the studies of Guthrie and Huck (1923) 
in the first systematic attempt to understand and classify the exceptional 
groupings they themselves had encountered, and to analyze some of the 
reported exceptiops in the iso-agglutination literature. Since their 
preliminary researches there have appeared a series of further corrobora- 
tive and amplifying studies (1924) from their laboratories, and addi- 
tional agglutinins have been described, or those of Guthrie and Huck 
confirmed, by Coca and Klein (1923), Kline, Ecker and Young (1925), 
Landsteiner and Witt (1924-26) and Simson (1926). While the exist- 
ence of additional iso-agglutinins has not been accepted without a 
minority protest on the basis of pseudo-isoagglutinins or the adequacy 
of a quantitative rather than a qualitative explanation (Mino, 1924; 
Lattes and Cavazzuti, 1924; Hiibener, 1925, et al.), the principal point 
at issue at the moment in this country would seem to be whether the 
irregular agglutinins described should be made sub-types within the 
established traditional four groups or should form additional independ- 
ent groups. 

To explain the irregularities they encountered Guthrie and Huck 
(1923, 1924) after pointing out the possible combinations with two pairs 
of agglutinins nevertheless found it necessary to hypothesize a third 
agglutinin with corresponding agglutinogen, and described the finding 
of eight of the twenty-seven biological groupings possible on the basis 
of the assumption of three pairs of isohemagglutinin factors. Tor in- 
stance they found, as had von Dungern and Hirschfeld, that the original 
group II is not a unit, but rather is composed of at least two types, the 
serum of each containing a single agglutinin, but the red cells differing, 
in that one type contains two agglutinogens, the other only one. This 
apparent qualitative difference in the cells they attempted to confirm 
(1924) by differentiating the antigenic properties of the two types by 
rabbit immunization. However the attempts at specific antigenic dem- 
onstrations through animal immunization have as yet lacked the clear- 
cut results that could be desired. 

Testifying to the importance of this method for clarifying the present 
varied interpretations is a rapidly accumulating literature on this par- 
ticular phase of the question (Kolmer and Trist, 1920; Huck and Guthrie, 
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1924; Schiff and Adelsberger, 1924; Landsteiner, Van der Scheer and 
Witt, 1925; Landsteiner and Witt, 1926; Deicher, 1926; Brahn and 
Schiff, 1926, et al.). Hooker and Anderson (1921) early emphasized 
what has been the experience of all workers since, viz., the fact that in 
studies of antigenic specificity or of any phenomenon analogous thereto, 
the individuality of the injected animal must be regarded not as a con- 
stant but as a possible variable of great importance. Halber and 
Hirschfeld (1926) have recently published an elaborate study on the 
“serological constitution.”? They point out that the difference in re- 
sults obtained, both by different workers and within the different ex- 
periments of the same investigators, seems to depend as much on indi- 
vidual differences in the antigens used as in the immunized animals. The 
Forssman antigen (1911) in many individuals occurs as a factor different 
from A, but most frequently in the presence of A, being either an identi- 
cal hereditary factor or two factors in the same chromosome; and human 
antigens from bloods A give a separate type of reaction from the antigen 
of human bloods O in relationship to B. Since many rabbits produce 
non-specific antibodies and others lack the power of antibody produc- 
tion, these workers hypothesize a reaction which is constitutionally or 
individually predetermined, 1.e., that many antigens release a preformed 
reaction type independent of the specific receptors capable of combining 
with the original antigen. The field is extraordinarily complicated by 
the potential multiplicity of variables in all of the factors of the experi- 
ment, and represents a lack of understanding now demanding extensive 
additional and careful investigation before any conclusions may be 
drawn from this type of evidence. 

Guthrie and Huck (1923) tentatively estimated the incidence of 
the type II bloods, containing two agglutinogens, at 20 to 25 per cent, 
and have since (1924) increased this estimated incidence. 

In November, 1923, Coca and Klein also reported the finding of a 
new pair of iso-agglutinin elements in eighteen (75 per cent) of twenty- 
three group II corpuscles. Largely because of the incidence difference 
they believe their substance X to be different from the agglutinogen C 
of Guthrie and Huck (1923), but disavow that either or both of these 
pairs needs effect any necessary alteration in the practical status of the 
four original blood groups. However, a little later Kline, Ecker and 
Young (1925), starting with some of the blood from Guthrie and Huck’s 
original atypical group II case, found in a larger series of 200 adult 
group II bloods an incidence for the C factor of 81 per cent. These 
workers, therefore, suggest that the additional agglutinable substances 


4 


18 CHARLES A. DOAN 


in group II blood called by Guthrie and Huck “C” and by Coca and 
Klein “X” are probably identical, and that they occur in over three- 
fourths of all adults of this group. 

Landsteiner and Witt (1924) reported the same general findings with 
reference to group II bloods, 76 per cent in twenty-one cases showing 
- the additional agglutinin factor, which they designated C, and identi- 
fied with that described previously. In a later paper (1926) they desig- 
nate the “two qualitatively different fractions” found in the sera of group 
II and IV bloods, a and a’. Landsteiner and Levine (1926) have fur- 
ther confirmed the qualitative nature of the subtypes found by complete 
differential adsorption experiments in the cold. 

Simson (1926) has confirmed the third agglutinating system in 
human blood, finding 81 per cent of 225 group II bloods examined to 
contain the extra receptor C, and designating its reciprocal aggluti- 
nin 

We may, therefore, provisionally accept the x (Coca and Klein), 
ec (Guthrie and Huck, Landsteiner, and Witt), y (Simson) and a’ 
(Landsteiner and Witt) factors as identical, additional, hypothetical 
iso-agglutinins. However, it is obvious that a blood classified according 
to the methods of Jansky or Moss is in no way affected by the presence 
or absence of C system, since these methods of grouping depend only 
on one component of both A and B agglutinating systems being repre- 
sented in a given blood. 

Simson (1926) found that, unlike B, A and C are sometimes sup- 
pressed, though when present the C system follows the same distribu- 
tion as the A in that the agglutinin is found in the sera of groups III 
and IV and the receptor in the cells of groups I and II. Because of 
this close association Landsteiner and Witt prefer to designate this 
pair of extra agglutinin factors A’a’. In the event of bloods having 
the Aa system suppressed, testing by one of the short methods may 
give an incorrect grouping, i.e., bloods with formulae c-B and o-B 
(table 3). Although bloods with the A system suppressed are extremely 
rare they do occur and add one more reason in favor of the practice of 
directly matching donor against recipient before transfusion (Simson). 

Guthrie, Huck and Pessel (1924), in a continuance of their investiga- 
tion of abnormal reactions in blood grouping, have reported finding 
the necessity for hypothesizing still further additions to the agglutinin- 
agglutinogen pairs to explain certain anomalous reactions encountered. 
On the basis of specific adsorption experiments they (Guthrie and Pes- 
sel) find a fourth iso-agglutinin (d) in association with iso-agglutinin a 
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in one member of group II. The corresponding iso-agglutinogen (D) 
was demonstrated in seven members of group III in association with 
iso-agglutinogen B. A fifth iso-agglutinin (q) was found in the serum of 


TABLE 2 
Percentage incidence of group II 
NUMBER 
EXAMINED 
B-A 5 22 
Coca and Klein............. 23 { B-AC 18 78 
oh {| BeA 38 19 
Kline, Ecker and Young.... 200 \ g-AC 162 81 
B-A 43 19 
Landsteiner and Witt....... 21 


In disagreement: 8-AC Guthrie and Huck 25 per cent; Lattes and Cavazzuti 
50 per cent. 


TABLE 3 
The biological possibilities with three iso-agglutinin pairs 


NEW 
GROUP GROUPS ADDITIONAL GROUPS (AGGLUTININ) 
(JANSKY) | (AGGLUTI- (27 BIOLOGICALLY POSSIBLE COMBINATIONS OF GUTHRIE AND HUCK) 
NOGEN) 


I 1.0 1.Oabe 2.O0ab 3.Oac 4.Obce 5.0a 6.0b 7. Oc 8.00 
2.C 1. Cab 2. Ca 3. Cb 4. Co 


II |38.A 1. Abe 2. Ab 3. Ac 4. Ao 
4. AC | 1. ACb 2. ACo 


III 5. B 1. Bac 2. Ba 8. Be 4. Bo 
6. BC 1. BCa 2. BCo 
IV 7. AB | 1. ABc 2. ABo 


8. ABC | 1. ABCo 


The italicized formulae have been described (Lattes, 1925). 


one member of group IV. The corresponding iso-agglutinogen (Q) 
was present in another member within the same group (IV). In only 
these two individuals were these factors demonstrable and “this agglu- 
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tinin (q) was present in lower concentration than the others and there- 
fore required a lower temperature for its demonstration.”’ 

Although stressing the essential inadequacy of the original concept 
of the four basic groups, Guthrie and ‘his co-workers continue to use 
this nomenclature and describe their “variations” in terms of the four 
groups. No suggestion as to the assigning of a new group numeral to 
any of their irregular bloods is made, as indeed obviously it would be 
impractical to do. A single glance at table 3, in which are listed the 
twenty-seven possible combinations with three iso-agglutinin pairs, 
indicates something of the bewildering complexity which would befog 
and beset anyone who had the temerity to attempt to group the human 
race, or any part of it, if a fourth and fifth and, conceivably, still other 
agglutinin pairs must enter in in the practical application of blood group- 
ing to blood transfusion. 

Summarizing the observations which have been recorded as indicat- 
ing the inadequacy of the original hypothetical basis for acceptance of 
the conventional four group schema for human bloods, we may list /, 
absence of reactions that were theoretically to be expected; 2, interag- 
glutination between persons of the same group; 3, corpuscles of group I 
(theoretically non-agglutinable) which were found to be agglutinable; 
4, sera, which after having been adsorbed with one set of corpuscles, still 
retained agglutinins for other corpuscles in the same group. 

Lattes and Cavazzuti (1924), Mino (1924), Hiibener (1925), Jones 
and Glynn (1926), Schiff (1926), and Falgairolle (1926) are chief among 
those who have recognized and investigated the facts, as above noted, 
but who disagree with the necessity for their explanation on the basis of 
an additional hypothetical agglutinin pair. Lattes and Cavazzuti, 
while noting an irregularity in the action of a group IV blood, similar 
to that noted by Landsteiner and Witt (1924), upon finding it impos- 
sible to selectively adsorb the questionable agglutinin, explained the 
lack of conformity on the grounds of pseudo-agglutination. Lattes 
(1925) would explain all irregular observations up to the present time, 
as outlined above, on the basis of /, faulty technic in failing to get a 
reaction when the agglutinin-agglutinogen titre is very low; 2, failure 
to eliminate and differentiate the various phenomena of pseudo-agglu- 
tination in reported instances of interagglutination within the same 
group and group I cellular agglutination; and 3, failure of complete 
adsorption in instances of high quantitative agglutinogen content or 
low serum agglutinins in the adsorbing sera. 

Guthrie and Huck applied no systematic quantitative controls in 
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their observations. Mino (1924) has reported investigations repeating 
in all details their work with the additional control of careful quantita- 
tion for agglutinin-agglutinogen titres. He found differences so marked 
in the titre of different bloods (table 4), that repeated adsorptions 
(table 5) were necessary in certain instances to exhaust or completely 
satisfy a specific agglutinin or agglutinogen. ‘The single original ad- 
sorption alone yielded differential responses which would lend themselves 
to interpretations quite in accord with those of Guthrie and Huck, et 
al. Mino concludes, however, that the hypothesizing of an additional 
iso-agglutinin pair to explain these facts is quite unnecessary, in the 
cases he has studied quantitatively. 


TABLE 4 
(From Mino) 
TITRE OF GROUP II pe AGGLUTINATION OF CORPUSCLES 
CORPUSCLES VS, SERUM MENT WITH BLOOD 
(BARB) GROUP III CELLS Tod. Rub. Gai. 
Tod. 250 Gai. + 
Gai. 75 Tod. 
TABLE 5 


(From Lattes and Cavazzuti) 


° AVAZ., SECO ORPTIO 
1. SERUM CAVAZ., FIRST ABSORPTION 24 HOURS 2, SERUM CA 70 


aggl. aggl. 
+ BI. corp. Bianch. II (hypothet. A) 
+ Bl. corp. Giov. IIT (B) 
+ Bl. corp. Sch. II (hypothet. AC) + _ 
+ Bl. corp. Str. Il (hypothet. AC) + 
+ Bl. corp. Cord. II (hypothet. AC) + 


Jones and Glynn (1926) have made one of the first real attempts at a 
quantitative statistical evaluation of the agglutinative titres in the 
four human blood groups with reference to abnormal donors. Dyke 
in 1922 and Freeman and Whitehouse, 1926, have pointed out that the 
sera or cells from different donors of the same group (Lee, 1917, 
Robertson, 1919) and the ab-AB systems within the same bloods (I 
and IV) vary independently in their capacity to agglutinate or to be 
agglutinated, and Price-Jones (1924) and Isaacs (1924) have shown that 
the degree of agglutination varies with the concentration of red cells, 
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points for accurate work needing much more than the passing attention 
they have hitherto received. Jones and Glynn (1926) found that the 
variation in titre is large, the maximum variation for the cells being 1 
in 114 and 1 in 24, for the sera 1 in 90 and 1in6. They found that the 
titres from the union of A-a were consistently higher (mean 79.5) 
than from B-b (mean 46.7), (the hypothetical C-c agglutinins are de- 
scribed as always accompanying the A-a system (Simson), again rais- 
ing the question whether quantitation rather than qualitation may not 
be the explanation). .Titres from the union of B-b and A-a combined 
(cells IV vs. serum I) were the highest, viz., 101, slightly lower than 
expected from the titres of each pair separately (explained possibly by 
the fact that in selective differential adsorptions the first adsorption 
always seems to carry down some of the specificity of the additional 
factor). This observation strongly supports the general validity of the 
hypothesis of two receptors and two agglutinins. The relative capacity 
of the agglutinins ab of group I sera in the same donor to agglutinate is 
sometimes approximately equal, at other times very unequal (Freeman 
and Whitehouse, 1926). From their correlation coefficient of 0.520 
+ 0.11, however, Jones and Glynn show that they tend to vary together. 
Complete adsorption of the agglutinins as proven by repeated attempts 
at further adsorption occurred when expected in their series of 40 normal 
adults, which series revealed 7, or 17 per cent, abnormal donors. Their 
finding of the highest average titre of agglutinins to be in the combined 
state (group I) and three of the abnormal reactions to be among the 
nineteen in this same “universal donor’ group, emphasizes the de- 
cided dangers lurking in the hitherto complacent acceptance of the ‘‘uni- 
versality’’ of group I donors for transfusion, on a purely quantitative 
basis alone. Schiff (1926) gives the curve of variation for the agglutina- 
tion titre from 160 persons (A blood) with the peak for sera at dilutions 
of 1 in 256, but with 10 per cent showing a titre of 1 in 1024; the peak for 
cells is given at 1-100, 6 per cent showing a titre of 1—800. 

Mechanism. The mechanism of iso-agglutination when understood 
completely, may help to clarify and delimit this reaction from those 
simulating it falsely. Holt and Reynolds (1922) have located the iso- 
agglutinin principle in the pseudoglobulin fraction of serum, its specific- 
ity lasting for at least two and a half months in this fraction in the dried 
state. Clough and Richter (1918) found the “cold auto-agglutinin”’ 
activity to be in the euglobulin fraction, a point of difference worthy of 
further investigation. Mino (1923) has obtained pseudo-agglutination 
by artificially increasing the globulin content of sera which had pre- 
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viously no agglutinating capacity, an observation bearing directly 
upon the work of Holt and Reynolds, since the latter workers did not 
control the concentration of redissolved pseudoglobulin. Vorschiitz 
(1923) attributes the group determination to the nucleo-protein content 
of the red cells, which resembles globulin in its behavior to the electric 
current. However, Landsteiner, van der Scheer and Witt (1925) ob- 
tained group specific flocculation reactions with alcoholic extracts of 
human blood, and Landsteiner and Levine (1926), therefore, suggest 
that the blood antigens contain specific non-protein substances, pos- 
sibly of lipoid nature, responsible for the individual varieties of serologi- 
cal reactions. 

Coulter (1922) thinks agglutination is closely related to an optimal 
hydrogen ion concentration of the suspending fluid and probably of the 
cell membrane, and not to a definite reaction in the interior of the cell. 
Radsma (1922) thinks the process one of colloidal flocculation governed 
by the salt concentration of the external phase, but Oliver and Smith 
(1926), in studying the kinetics of agglutination in red cell suspensions, 
point out the remarkable difference between cell suspensions and col- 
loidal solutions in regard to the “‘radii of attraction” of their particles, a 
condition which requires further explanation. The need for much ad- 
ditional work on the active principle and underlying mechanism of 
iso-agglutination has become increasingly evident. 

It would seem to be clear, then, that in so far as the evidence goes at 
the moment, there exists an accumulation of observed facts, common 
to the experience of all investigators in this field, which lend themselves 
to two possible interpretations. To Guthrie and Huck clearly must go 
the credit for placing, as no preceding workers have done, a proper em- 
phasis upon the importance of understanding the underlying principles 
responsible for these facts. Whether the “exceptions” to the “rule of 
four” are due to the presence of actual additional agglutinin pairs, or are 
the result of a combination of circumstances, chief among which isa 
lack of recognition of the wide range of variation in titre of the originally 
hypothesized two pairs, remains for further quantitative and qualita- 
tive investigations to determine (Michon, 1925, recognizes and accepts 
both facts as complicating the original simpler concept). Carefully 
repeated and controlled complete, differential adsorptions for separate 
agglutinins, and the establishment of a corresponding unquestioned 
specific antigenic basis for each, through animal immunization, would 
do much toward clearing up the present confusion. The difficulties, 
however, attendant upon this demonstration have been suggested. 


24 CHARLES A. DOAN 


Certain it is that the work of these past months has taken the proce- 
dure of blood grouping entirely without the realm of the casual passing 
attention of an inexperienced interne, and placed it within the province 
only of the most carefully trained, experienced, quantitative, clinical 
laboratory worker. With pseudo-agglutination (“cold agglutinins,” 
auto-agglutinins, hetero-agglutinins) as yet lacking clearly defined limits, 
and with unknown variables in each individual blood in the titre of 
established iso-agglutinins and iso-agglutinogens, the tests for blood 
grouping and direct matching demand as carefully checked and titrated 
reagents in the reaction as are required for the Wassermann technic. 
The importance of blood matching is measured by nothing less than the 
life of the patient himself in a therapeutic procedure so frequently 
employed as a life saving measure, and so easily capable of effecting the 
opposite result. 

3. Ontogeny. (Establishment of groups.) The presence of established 
iso-agglutinins and iso-agglutinogens at birth is so variable (Happ, 
1920) that it is impossible to determine with absolute assurance the 
eventual adult grouping of the individual thus early. Halban (1900) 
was the first to study the iso-agglutination reaction of maternal and 
fetal (umbilical cord) blood, finding the agglutinating power of maternal 
serum and the agglutinability of maternal corpuscles to be greater and 
more frequent than the corresponding reactions in the fetal blood. This 
first study included the observation that the maternal blood may pos- 
sess agglutinins absent in the fetal blood, thus excluding placental 
passage as a source of their acquisition (also Langer, 1903; von Decas- 
tello and Sturli, 1902; McQuarrie, 1923). However, the attempts to 
explain the late toxemias of pregnancy, particularly eclampsia, on the 
incompatibility and interagglutination of maternal and fetal blood 
(Dienst, 1905; Gruhzit, 1923; McQuarrie, 1923; Ottenberg, 1923; 
G. H. Schneider, 1925) would seem to be based upon a coincidental 
rather than a causal relationship (Liepmann, 1905; Dienst, 1908; Mur- 
ray, 1910; Ohnesorge, 1925; Allen, 1926; Goodall, 1926; Rech and 
Wohlisch, 1926, et al.). 

It is the consensus of opinion that the agglutinogens in the cells acting 
as Mendelian dominants are the first to become established early, so 
that a tentative grouping may be predicted on the basis of cells alone at 
birth, but there have been instances of error through later acquisitions 
when this has been attempted (Happ, 1920). A considerable number 
of observers (Schenck, 1905; Bertino, 1906; Baeechi, 1920; Cherry and 
Langrock, 1916; Kimpton, 1918, DeBiasi, 1923) deny the presence of 
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any agglutinins in the serum of the newborn, and therefore commend 
the safety of maternal blood transfusion without previous group testing. 
However, the work of many others (Halban, 1900; Langer, 1903; von 
Decastello and Sturli, 1902; von Dungern, 1910; von Graff and von 
Zubrzycki, 1912; Titus, 1920; Laffont and Gaujoux, 1923; Kirihara, 
1924; Jones, 1921; McQuarrie, 1923; Falgairolle, 1926; Dyke and 
Budge, 1923; Travlos, 1924; du Bouchet, 1926) while recognizing the 
earlier establishment of the agglutinogens, shows the presence of agglu- 
tinins also, in a greater or less concentration, at birth. Here again 
quantitative studies have revealed agglutinins not apparent with less 
careful methods. Jones (1921) found them in a seven-month old fetus, 
and in 78.8 per cent of his bloods from the umbilical cord, using a very 
careful technic for very weak titres. However, Dyke and Budge (1923) 
found agglutinins present in only 25 per cent of the cases typed as II or 
III from their red cell reactions alone, and in only 15 per cent of those 
instances in which the cellular reaction called for the presence of both 
agglutinins in the serum (group I last to become established). Kline, 
Ecker and Young (1925) found the agglutinable substance C in 81 per 
cent adult group II’s and in only 51 per cent of newborn. Happ (1920) 
gives the following figures for group fixation (i.e., serum contained ag- 
glutinin and corpuscles agglutinated) in a series of 144 infants: birth 
to 1 month—16.3 per cent (McQuarrie, 1923—11 per cent); 1 to 3 
months—22.2 per cent; 3 to 6 months—31.8 per cent; 6 to 12 months— 
69.5 per cent; 1 to 103 years—96.8 per cent. Relative to the related 
percentage presence of agglutinins and agglutinogens in the newborn, 
Happ found the corpuscles agglutinated in 65.3 per cent, the sera con- 
tained agglutinins in only 14.2 per cent. Apropos of the earlier estab- 
lishment and detection of the agglutinogens in the cells, von Dungern 
and Hirschfeld (1910) found them in a six-month-old fetus, and Ohne- 
sorge (1925), while finding no corpuscular agglutination in seven fetuses 
from the fourth to the sixth months, in two fetuses of the fourth month 
and in one of the fifth month he did find agglutinogen reactions assign- 
ing all three to group II. This is of significance in relation to the work 
of Simson (1926), who found the titre of the A factor in adult bloods 
to be always higher than the B, and it is in association with the A fac- 
tor that the new hypothetical C factor has been most frequently de- 
scribed (Guthrie and Huck, 1923; Coca and Klein, 1923; Landsteiner 
and Witt, 1924-26, Simson, 1926). This evidence correlates the domi- 
nance of the A factor in time of origin with its later strength of titre. 
After birth the agglutinin-agglutinogen titre increases, until the high- 
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est point is reached between 20 and 30 years of age, a definite decrease 
being observed after 50 (Schneider, 1923; Lattes, 1925; Breitner, 1926). 
Langer (1903) first demonstrated iso-agglutinins in the colostrum and 
milk of human mothers, but with others (Schenk, 1905; von Zubrzycki 
and Wolfsgruber, 1913; Happ, 1920; Heine, 1926) was unable to show 
any influence on the specificity or titre of the agglutinins of the nursing 
infant. 

The permanence of the agglutinin-agglutinogen content once estab- 
lished is generally conceded (Landsteiner, L. and H. Hirschfeld, Schiff, 
et al.) and within the general limits of the age variation mentioned, it is 
as a rule titre constant (unlike pseudo-hemagglutinins). Any appar- 
ent alteration in the blood group with age has proved to be due to the 
tardy acquisition of an additional factor (Learmonth, 1924), and, so far 
as a careful perusal of the literature reveals, no case has been recorded in 
which either the A or the B factor has permanently disappeared from 
the blood. 

Harper and Byron (1922) report an apparent difference in the agglu- 
tinability of group III cells (agglutinogen) dependent upon a dietary 
factor (increased strength when a diet rich in greens was taken), though 
the actual difference in titre was not determined. ‘The cells of groups 
I and II remained unaffected. This observation remains unconfirmed. 
There is some evidence that in disease the titre, particularly of the “‘re- 
cessive” serum agglutinins, may vary (Karsner, 1921; Lacey, 1923; 
Torii, 1923; Bond, 1917 and 1918), emphasizing the added importance 
of detection of very weak group-specific factors before transfusion. 
However, the knowledge that non-specific pseudo-hemagglutinins do vary 
widely in pathological states should focus particular attention upon these 
reactions in disease. Also, recognizing the inherently lower titre of the 
B factor in adult group III sera (von Decastello and Sturli, 1902; 
Simson, 1926; Harper and Byron, 1922; Gichner, 1922) only sera of 
known high titre (not less than 1-8, Breitner, 1926) should be used when 
grouping tests are made with only II and III test sera. 

Temporary changes in the blood group have been recorded after 
certain drugs (Vorchiitz, 1922; Hanzlik, Eds and Tainter (in animals) 
1925), after transfusion (H. W. Jones, 1926) through normal physio- 
logical processes (birth) and after ether anesthesia (Levine and Segall, 
1922; Eden, 1922; Diemer, 1922; Hittmair, 1923). But a lack of con- 
firmation (Meyer and Ziskoven, 1923; Mino, 1923; Siperstein and Kven- 
berg, 1923; Marcialis, 1924; Falgairolle, 1926; Barsky, 1926; Schneider, 
1923; Esposito, 1924; Schiff, 1926; Hesser, 1924) indicates a relative 
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rather than an absolute variation if any occurs at all. Huckand Peyton 
(1923) in pre- and post-operative examinations in twenty-five ether 
cases found no variation in the group identity, nor in testing bloods with 
ether in vitro; no change of group was noted after transfusion at the Mayo 
Clinic; and Hoche and Moritsch (1925) in testing 120 patients before 
and after operation, after narcosis, fever, etc., found no change in iso- 
agglutinin titre, except in one case. They record an increase of titre 
from 1 in 4 to 1 in8 after transfusion in a group III with a group I blood. 
This only conforms with previous observations to reémphasize the 
tendency of the B factor toward a low and perhaps a variable titre. 
In so long as the evidence is conflicting and contradictory the only safe 
procedure, from the practical standpoint of the physician who desires 
the utmost safety in transfusion therapeusis, is a preliminary direct 
matching of donor and recipient (Deluca, 1925, et al.), the greater the 
emergency the more urgent the safeguard, immediately preceding each 
blood transfusion in every case, infant or adult. 

4. Phylogeny. The blood group is an expression of a hereditary 
character and offers a concrete means of the study of heredity in man. 
The studies of von Dungern and Hirschfeld (1910), Ottenberg (1908- 
1922), Learmonth (1920), Keynes (1922), Tebbutt and McConnel 
(1922), Hirschfeld and Hirschfeld (1919), Gichner (1922), Jervell (1921), 
Weszeczky (1920), Dilter (1925) and Levine (1926) on the heredity of 
the blood groups have led them to the conclusion that the specific agglu- 
tinogens A and B never appear in the offspring unless they are present in 
the blood of one of the parents. Thus what is really inherited is not 
the group but the presence or absence of the several agglutinogens (cell 
factors) (von Dungern and Hirschfeld, 1910). This ‘‘presence”’ is domi- 
nant and this ‘‘absence”’ is recessive as defined by Mendel (1865). 
On the basis of two iso-agglutinins (a 8, recessive) and two iso-agglutin- 
ogens (AB, dominant), two unit allelomorphic pairs, Aa and Bb, are 
hypothesized, making man a dihybrid. This hypothesis rests on: 
a, the existence of two different unit characters; b, the occurrence in 
nature of all the genotypes to be expected from a dihybrid mating, and 
c, the occurrence of the phenotypes (blood groups) in the numerical 
proportion expected for the matings of the several genotypes (Gichner, 
1922). 

Lattes (1925) has tabulated the confirmatory data from fourteen 
representative investigations which in summary are presented in table 6. 
(America: Ottenberg, Buchanan; England: Dyke and Budge, Lear- 
month, Keynes; Italy: Mino, Dossena; Switzerland: Pliiss; Norway: 


q 


CHARLES A. DOAN 


TABLE 6 


(Summarized from Lattes) 


PARENTS 


NUMBER 
OF 
MATINGS 


CHILDREN A 


CHILDREN NOTA 


THEORETICAL EXPEC- 
TATION 
(VON DUNGERN AND 
HIRSCHFELD ) 


Number | Per cent 


Number 


Per cent 


A Not A 


A+A 
i.e. 
II + Il 
II+ IV 
IV+ IV 


182 


320 80.9 


76 


19.1 


per cent per cent 


17 


A+ Not A 
i.e. 
I+ Il 
I+ IV 
II + Ill 
IV 


432 


57.7 


398 


42.3 


59 41 


Not A + Not A 
i.e. 
I+ I 
I+ Ill 
III + Ill 


281 


13 


558 


97.8 


100 


CHILDREN B 


CHILDREN NOT B 


B NOT B 


B+B 
i.e. 
III + Ill 
III + IV 
IV + IV 


41 


88 83.0 


18 


B+ Not B 
i.e. 
I+ Ill 
I+ IV 
II + III 
Il+ IV 


274 


331 53.4 


289 


17.0 


46.6 


75 25 


Not B + Not B 
i.e. 
I+ I 
I+ II 
II+ II 


578 


24 2.0 


1161 


98.0 


100 
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Jervell; Hungary: Weszeezky; Russia: Avdejeva and Grizevicz, von 
Dungern and Hirschfeld; Japan: Kirihara; Australia: Tebbutt and 
MecConnel). 

In this survey, including 900 parents with 2000 children, there have 
been listed in 17 families 29 children that do not conform to the rule; 
this alone, with possible illegitimacy and probable technical and quanti- 
tative errors in grouping, does not necessarily negative the hypothesis. 
It would appear, therefore, that, notwithstanding the disagreement of 
Buchanan (1923) with the fundamental premise (of only two unit charac- 
ters) upon which von Dungern and Hirschfeld based their theoretically 
expected numerical proportions, the statistical evidence at hand strongly 
favors the Mendelian, dihybrid inheritance of iso-agglutination 
characters. 

The medico-legal application of this inheritance once established is 
obvious, but needs very careful consideration and very conservative 
interpretation at the moment (Buchanan, 1923; Dyke, 1922; Schiitze, 
1921; Ottenberg, 1921-22; Moritsch, 1926). Hektoen (1918) found the 
precipitin test non-specific in the attempt to distinguish human indi- 
viduals and races. (See Uhlenhuth, 1926.) With respect to forensic 
medicine Yamakami (1926) and Landsteiner and Levine (1926) have 
suggested interesting possibilities and a new mode of approach to the 
problems of serological individuality in their studies of the specificity 
of sperm and semen relative to the blood groups. 

Dyke and Budge (1923) have summarized the inheritance of group 
characters as follows: 1. Children in any of the four groups may result 
from the mating of a group IV with any other group, including another 
group [V and when a group II mates with a group III (presence of AB). 
2. Mating of a group II with a member of the same group or with a 
group I will result in offspring of either group I or II only. 3. Mating 
of a group III with a member of the same group or with a group I can 
yield only groups I and III. 4. Mating of two group I individuals, 
theoretically a uniting of double recessives, can produce no offspring 
other than group I. (See also Ottenberg, 1921.) Medico-legally, then, 
if A or B is present in a child’s blood one of the alleged parents must 
possess it. 

However, a more recent analysis of the available data on the basis 
of a triple allelomorph grouping of the inheritable factors (Bernstein, 
1925; Furuhata, 1925; Snyder, 1926) merits serious consideration. 
Three inheritable factors would give genotypes according to the formulae 
as seen in table 7. At once the medico-legal importance of the new con- 
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cept isapparent. On this basis union of groups I and IV can result only 
in offspring of groups II and III instead of all four groups as with the 
original hypothesis. Crosses of I and I can result only in offspring of 
group I. Snyder (1926) after a study of 200 families (1095 individuals) 
and after reviewing the mass data with these criteria as guides, states 
that “‘all in all, it would seem that the hypothesis of two independent 
pairs of factors must be discarded, however reluctantly.”’ 

Inheritance linked disease. The increasing literature on the iso-agglu- 
tinin linked nature of some diseases demands recognition, careful scru- 
tiny, and at least passing comment. Alexander (1921), Weitzner (1925), 
Johannsen (1925) and Bendien (1926) believe there is evidence for a 
linkage of the factors for cancer with the blood group. Buchanan and 
Higley (1921) on the other hand in a study of 2446 patients at the Mayo 
Clinic found neither sex nor disease linkage to the blood groups, and 
Schiff (1926) disputes Weitzner’s conclusions on the basis of pseudo- 
agglutination, which is frequent in the blood of cancer patients. Op- 
penheim and Voigt (1926) have just published the results of analyses 
in 500 post-mortem cases, with known and verified diagnoses, from two 
Munich hospitals, the blood having been secured 12 to 36 hours after 
death. While recognizing the impossibility of drawing any final con- 
clusions from the limited available data, their preliminary study sug- 
gests the tendency to a shorter length of life for B types, which they 
mention as a factor to be considered in the appraisal of any slight shift 
in group-percentage-incidence in disease such as their figures show to- 
ward the “A” type for malignancy (a pathology typical of late middle 
life). 

The Hirschfelds and Brokman (1924) have studied the relation of 
susceptibility in diphtheria to the inheritance of the blood groups. They 
report a conjoint inheritance, in which an inherent constitutional sus- 
ceptibility or immunity follows tenaciously the respective group from 
parent to child. Fiirst (1925) has studied, with the method of Hirsch- 
feld and Brokman, the inheritance of goitre in four families. He con- 
cludes that only the offspring inheriting the blood group of the goitrous 
parent develop a goitre. However, Levine (1926) in a critical analysis 
of Fiirst’s reported material draws opposite conclusions. He also finds 
no ground for assuming conjoint inheritance between atophy (asthma- 
hay-fever group) and serologic blood grouping. Kubanyi (1926) and 
Moritsch (1926) both report group linked transmission of hemophilia 
from mother to son, those sons having other than the maternal grouping 
showing no manifestation of the condition. Amsel and Halber (1925), 
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working under the Hirschfelds, have noted the fact that luetic patients 
belonging to group I become Wassermann negative more frequently and 
more quickly than do those of other groups. And Wiechmann and Paal 
(1926) have found only 26.4 per cent positive Wassermann reactions in 
group I in a population with a normal group I percentage of 42. Miro- 
nescu and Stefanoy (1926) in measles, pertussis, scarlet fever and ty- 
phoid have too few observations to be more than suggestive. Schiff 
(1926) warns against any premature deductions from the very limited 
observations now available. 

It is clear that the statistical data up to the present are so fragmen- 
tary and incomplete that conclusions must await much more extengive 
surveys with accurately controlled technic. Only the vaguest vision 
of the potential possibilities in a study fraught with such possible im- 
port to eugenics and prophylaxis is revealed in these preliminary 
gropings. 

5. Ethnology and anthropology. While the proportions of individuals 
belonging to the four different groups have been within the limits of 
technical and individual error in all the earlier investigations, the actual 
percentages have shown increasingly wide variations as statistics have 
become available from the more remote and less well organized sections 
and peoples of the earth. A possible key to these differences, as well 
as much new light on the possible origin of these blood peculiarities 
comes as a by-product of the recent war in the investigations of Ludwick 
and Hanka Hirschfeld (1919). On the Macedonian front they had op- 
portunity of doing more than 8,000 iso-agglutination tests on men of 16 
nationalities and races (500 to 1000 persons of each race). Neither 
before nor since that time has such an opportunity presented for group- 
ing, under an experienced and trained personnel and with known uniform 
standards of technic, so widely divergent types. On the basis of a wide 
type variation in incidence of blood groups found, they proposed a 
classification of different peoples according to the ratio of incidence of 
corpuscular element A to corpuscular element B, this ratio being referred 
to by them as the ‘“‘biochemical race-index:” ‘“The nearer to Western 
and Central Europe the more A and the less B (Index 2.5 to 4.5), the 
nearer to Africa and Asia, especially to India, the less A and the more B 
(Index less than 1), the intermediate, Mediterranean basin, Index 1 
to 2.” Their original suggestion of the possible value to anthropologi- 
cal investigations of these preliminary serological findings, fully recog- 
nized the international scope of the problem, the fallacies inherent in 
limited statistics and the necessity for a thoroughly complete survey of 
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the human family and the anthropoid apes, before drawing final 
conclusions. 

Each of the observers who has followed the Hirschfelds has had to 
confine his personal investigations for the most part to one, or, at most, 
to two groups within one race, and then has speculatively aligned 
the findings with the original hypothesis (see bibliography appended). 

Recently, however, Bernstein (1925), of the Institute for Mathemati- 
cal Statistics at the University of Géttingen, in a mathematico-biologi- 
cal analysis of blood grouping data, has cast grave doubt upon the 
validity of the Hirschfelds’ fundamental premise of only two inheritable 
dominants. Bernstein maintains that three factors, A, B, R, must be 
postulated. Originally there arose a stratification of the human race 
into three classes of pure hereditary types, from which there have come, 
by intermingling, the mixed types RA, RB and AB (table 7). 


TABLE 7 


Genetic formulae for the four groups 
BLOOD GROUP PHENOTYPE GENOTYPE (VON DUNGERN | GENOTYPE (BERNSTEIN) 
I O aabb | RR 
II A AAbb; Aabb | AA; AR 
III B aaBB; aaBb | BB; BR 
IV AB AABB; AABb; | AB 


AaBB; AaBb 


We have to do with three races, of which the American Indians and the Fili- 
pinos represent today, almost purely, the original RR component. The R-race 
is represented still by the great majority of people everywhere, so that the A-race 
and the B-race, which have been formed in Europe and Eastern Asia (India), 
have both mixed with a great residual mass of the unchanged RR individuals. 
Probably there was a pure B-race in the Malay Archipelago, corresponding to the 
hypothesis that the Japanese, who show the maximum, have arisen through a 
commingling of Malays and Mongols; this constituent diffused immediately 
through India and from there to England, with the minimum, 5.2 per cent. The 
A-race, on the other hand, is maximal in Europe, where it has mixed with an 
overwhelming component of the non-changed race (R), and then has filtered 
through toward the east in still greater measure (than 8 to the west) so that in 
India it is 14.9 per cent. There is also a Germano-Indian and an Indo-Germanic 
relationship. At the same time the Manchus show a higher proportion of the 
A-factor than the other Mongolian peoples, showing a tendency of the A-race 
to be continuous in the north. 


Furuhata (1925) has reported a similar hypothesis independently, 
and Snyder (1926), in this country, has accepted the “three multiple 
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allelomorph” assumption as more adequately explaining the facts at 
the moment. 

However, still more recently, the observations of Lanner (1925) 
and Grove (1926) in finding a range of variation within the same racial 
types (German and Ainu) fully as great as recorded thus far in different 
races; the demonstration by Reed and Manuila (1926) of the possibility 

of the factor of chance, explaining the observed discrepancies both in 
— racial and inter-racial percentages; the establishment by Nigg (1926) 
of the presence of both agglutinins, a and 8, in the sera of the supposed 
“pure race”’ of the American Indians (77 per cent group I); and the work 
of Landsteiner and Miller (1925) on the anthropoid apes again leave 
the question entirely open. Its particular bearing to this discussion 
lies in the very interesting relationship which Bernstein’s hypothesis of 
three racial factors bears to the work of Guthrie and Huck (1923) in 
their description of phenomena in the grouping of bloods requiring a 
third iso-agglutinin pair to explain. ‘It cannot be too strongly insisted 
that truth must be sought in this line by cooperation between anthro- 
pological and serological methods” (Lee, 1926). “In future data all 
lists must include name of worker, technic used, names of persons tested, 
sex, birthplace, religion and race” (Schiff, 1926). 

It is obviously beyond the scope of this résumé, as well as beyond the 
ability of the present reviewer, even were the time mature, to go into this 
question of the anthropological bearing of the blood groups critically. 
We are now in the period of the perfection of technic and of the accumu- 
lation of hypothesis testing data, with its necessary increment of con- 
temporary doubting, modification and disagreement. “Even though 
many of the views advocated today cannot yet correspond exactly to 
the changing facts, nevertheless we cannot escape the conclusion that 
the concept of the blood groups is bringing a deepened insight into the 
vexed questions of ethnology and anthropology” (Breitner, 1926). 

6. Isohemolysis. A fundamental property of blood was recognized 
first by Eulenburg and Landois (1866) when they demonstrated that the 
serum of one animal may have the property of destroying the red cells 
of another animal of the same species. This property is now known as 
isohemolysis, and is of prime importance in the therapeutic application 
of our knowledge of blood grouping. Maragliano (1892) recorded the 
finding of a property in the serum of patients suffering from essential 
anemia, carcinoma, malaria, etc., which destroyed normal erythrocytes, 
changing hemoglobin to hematoidin. Isohemolysins, thus, originally 
considered dependent upon disease, even as were iso-agglutinins, were 
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shown by Landsteiner and Leiner (1905) to be present in 50 per cent of 
both normal and sick children; these authors also showed that strong 
isohemolysis occurred only when agglutination had preceded. Ehrlich 
and Morgenroth (1899) first showed that hemolysins were absorbable 
and (1900) that immune isohemolysins might be developed in goats 
by the injection of the blood of other goats. Ehrlich (1900) and 
Ascoli (1901) (contrary to Bezzola, 1902) demonstrated that the isoly- 
tic action was due to two factors, one thermostabile (amboceptor), — 
the other thermolabile (complement), though in certain instances Ascoli 
was unable to induce reactivation with fresh unheated serum (also 
Moreschi, 1903; Micheli, 1904). Moss (1910) explained Ascoli’s excep- 
tional sera on the basis of a thermostabile antihemolysin (Miiller, 
1902) present in the serum of the blood of certain individuals of the 
same group, dominant over the complement activation, and he pointed 
out, furthermore, that, after heating sera at 56°C. for a half-hour, reac- 
tivation could be accomplished as readily with fresh guinea pig serum 
as with human serum (Grafe and Graham, 1911; Schiff and Adelsberger, 
1924). It was found that only when hemolytic serum is fresh and when 
the human, non-hemolytic, complement-activating serum contains no 
antihemolytic factors, will hemolysis take place. 

Lattes (1925) has tabulated the data from statistics presented by 
fourteen different investigators relative to the incidence of isolysins in 
normal human sera, and only 38 (56 per cent) were recorded in 671 
examinations. However, Williams (1920) and Jones (1921) by increas- 
ing the amounts of fresh serum vs. cells have shown a much higher 
incidence (88.5 per cent to 100 per cent). Price-Jones (1924) has 
pointed out the important fact that the velocity of hemagglutination 
varies directly with the amount of agglutinating serum, with the time 
occupied, and with the concentration of the red cells (also Isaacs, 1924). 
He also warns against contact hemolysis, particularly with dilute sus- 
pensions. Since complement is necessary for true isohemolysis to take 
place, stock test sera always yield negative results. In the newborn, 
Jones found isohemolysins less frequently than in adults (27.3 per cent), 
and in correlation with the findings of Simson for agglutinin a, iso- 
hemolysin a is much more frequently found at birth than 8 and remains 
dominant in titre in the adult. 

When present in concentration, isohemolysins may obscure the agglu- 
tinative phenomenon. In such cases, moderate dilutions (Liidke, 1906; 
Isaacs, 1924), heating to 56°C. for a half-hour, letting stand for comple- 
ment diminishing (Guillain and Troisier, 1909; L. and H. Hirschfield, 
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1919), or the addition of a small amount of the homologous serum (al- 
ways containing antihemolysins protecting the homologous red cells, 
Moss, 1910) will permit of the uncomplicated reading of the agglu- 
tination. 

That group specific hemolysins or alexin binding antibodies develop 
with the agglutinins most investigators agree, and practically there is 
a close relationship between isohemagglutination and isohemolysis, the 
latter always being preceded, or accompanied, by the former (Langer, 
Landsteiner and Leiner, Dudgeon, Moss, Grafe and Graham, Otten- 
berg and Kaliski, Coca, Lattes, Jones, et al.). However, Kolmer (1919) 
has described finding hemolysins present in serum free of agglutinins 
for the same corpuscles, and thinks it possible that these hemolysins 
may be responsible for some of the reactions following the transfusion 
of blood free of agglutinins. And Ottenberg and Thalheimer (1915) 
have produced isohemolysis in cats whose serum did not agglutinate. 
With the great weight of evidence against Kolmer’s more or less isolated 
observation and with the increasing appreciation of the existence of 
low titre bloods, the burden of proof would appear to lie with those who 
dissociate the phenomena in human cases. On the other hand agglu- 
tinins occur without hemolysins. 

The question of the real cause for toxic manifestations from lysed 
red cells has stimulated many workers. Though von Dungern (1889) 
found no changes when either laked hemoglobin or stroma was injected 
into animals, and Nolf (1900) believed animals treated with stroma 
yielded only agglutinins and those given laked blood acquired hemolytic 
properties only, and Ford and Halsey (1904) found the phenomena of 
agglutination and lysis inseparably connected, the majority of investiga- 
tors have assigned the toxic réle to the red cell stroma (Bordet, 1900; 
Adami, 1908; Sellards and Minot, 1916; Mathews, 1919; Vedder, 1919; 
Matsumoto, 1920; Bayliss, 1920; Clare, 1925). Vedder has shown that 
stroma will adsorb completely the hemolysin from serum, and, with 
Bayliss, believes the freeing of the hemoglobin to be incidental. In 
this way the corpuscles act as a foreign antigen (Todd and White, 1912). 
Cruchet and Caussimon (1926) agree that the hemoglobin per se is not 
responsible for accidents, but they also believe cellular debris to be 
innocuous. They have studied the hemolysis which has occurred, inde- 
pendently of agglutination, in all of their heterologous blood trans- 
fusions. Usually it is a part of a mild urinary syndrome. Characteris- 
tically it is fleeting and benign, disappearing within 48 hours without 
leaving any trace. Exceptionally a grave accident occurs with the 
picture of a rapidly progressive, fatal anemia. 
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The mechanism of isohemolysis is identical with that of the well- 
known immuno-heterohemolysis. While the isolysins are believed to 
accompany the iso-agglutinins of the same sera they differ in their effec- 
tive mechanism in that the former unite directly with the agglutinogens 
of the cells while the latter can act only through the mediation of a 
complement binding factor. That isolysins are independent of, and 
not just a part of, the agglutinins is evidenced by the fact that they re- 
quire complement, that they may be selectively adsorbed (Hooker and 
Anderson, 1921; Locke and Hirsch, 1925), that the antihemolysins are 
specific (blood cells A being affected only by isolysin a and not by 
isolysin 8), and that they vary in titre independently of the iso-agglu- 
tinins (Lattes, Jones) and in much less concentration. Also from the 
literature it is apparent that in many diseases, particularly in malig- 
nancy and tuberculosis, isohemolysins increase in titre, whereas with 
agglutinins an increase is, at least, questionable (Butler and Mefford, 
1909; Janeway, 1909; Upcott, 1910). Paroxysmal hemoglobinuria is 
a condition in which an autolysin seems to be in existence in conjunction 
with the isolysin and the mechanism of this autolysis has been exten- 
sively investigated (Eason, 1906; Donath and Landsteiner, 1904-08; 
Widal and Rostaine, 1905; Yorke and Macfie, 1921). 

In the majority of studies on iso-agglutination the phenomenon of 
isohemolysis has been treated as an integral part of the study and for 
each agglutinin there has been hypothesized a corresponding isolysin 
of the same designation a 8 y (Moss, 1910; Grafe and Graham, 1911; 
Hooker and Anderson, 1921; Jones, 1921; Guthrie and Huck, 1923). 
Locke and Hirsch (1925-26) have recently presented excellent studies 
of hemolysins, of the hemolysin-erythrocyte equilibrium and of anti- 
body formation. Isohemolysins in relation to blood transfusion have 
heretofore held only a place of secondary import in the security of the 
prevailing maxim “no agglutination, no hemolysis.”’ But with the new 
appreciation of quantitation in our grouping determinations, all of 
which applies as concretely to isohemolysins as to iso-agglutinins; with 
the clinical and experimental evidence of a ‘“‘stepping up”’ of a very low 
titre through transfusion of blood not entirely compatible, with later 
severe reactions in repeated transfusion possible (Astrowe, 1922; Linde- 
man, 1914; Drinker and Brittingham, 1919; Thalheimer, 1921; Pepper 
and Nisbet, 1907, et al.); and with the knowledge that the homologous 
isohemolysin may be, particularly in certain diseases, of a more easily 
demonstrable titre than the iso-agglutinin (Jervell, 1922; Beck, 1926, 
et al.), the increased importance of watching for hemolysis in the pre- 
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liminary tests is evident. This being true the desirability of having 
fresh donor and recipient serum and cells for the tests, isohemolysins 
being less stabile than iso-agglutinins, is obvious. The greater ease of 
detection of hemolysis in the test tube and the greater difficulty of 
noting slight degrees of hemolysis on the slide and in hanging drop 
preparations, will be discussed under the problems of technic. 

7. Length of life of transfused corpuscles. The older attempts at a 
partial solution of the problem of the period of functional viability of 
mature red cells by the injection of nucleated avian corpuscles into 
mammals were without meaning, for being foreign protein they were 
soon removed from the circulation. Later experimental plethoras 
showed a return to the normal blood count in from 2 to 4 weeks, but no 
correction for the factors of disturbed blood volume and hemopoiesis 
was attempted. Morawitz (1906) in studies on the restoration of pro- 
teids of the blood, and later Yourewitch and Rosenberg (1914) showed 
by plasmapharesis and intra-species experiments that reinjected 
red cells may function naturally for a number of days at least. This 
had been one of the first investigations of the earliest workers. 

By the employment of specifically exhausted isohemolytic sera, Todd 
and White (1911) determined the survival of transfused red cells in 
cattle to be from 4 to 7 days. In this instance the transfused cells 
acted as a foreign antigen within the same species. Bulliard (1921) 
and Isaacs (1924) have determined approximately similar limits (1 to 
5 days) in human eases, the latter through studies of the transfused 
corpuscles according to a modification of the method introduced by 
Ashby. Kiihl (1925) believes the transfused cells to be destroyed after 
a few hours. Panum (1863) and Derom (1926), among others, have 
found the survival of cells in both anemic and plethoric animals to be 
from 10 to 15 days. Torii (1923) estimates 30 days for survival of 
homologous cells. 

Ashby (1919-24) and Wearn, Warren and Ames (1922) have attempted 
to study the length of survival of human group I red cells after transfu- 
sion into a recipient of another group, group I serum thereafter being 
used to agglutinate theoretically the recipient cells, those remaining free 
of the clumps being adjudged the transfused group I cells only. Ashby 
found the erythrocytes diminished slightly during the first 20 days, and 
then more rapidly from 20 to 40 days. In the one normal individual 
followed the donated corpuscles disappeared after 39 days, and in two 
others they were still present after 32 days. According to the individual 
case the blood was found to last 30 to 100 days, in pernicious anemia 


> 


38 CHARLES A. DOAN 


about 90 days. Since the type of the unagglutinable cells changed with 
the type of blood transfused and since there was no change in agglutina- 
bility when the same group was used, Isaacs’ contention, that these 
are young cells derived from the host, Ashby denies. Wearn, et al., in 
transfusing group I cells into group II recipients (primary and secondary 
anemias) found an average of 83 days with a range of 59 to 113 days for 
the circulating transfused cells. These latter workers are conservative 
in their drawing of conclusions from data, so many factors in the secur- 
ing of which are beyond control. 

Jervell (1924) observed in one case of leukemia with hemolytic 
streptococcus septicemia, destruction of transfused corpuscles within 24 
hours. Hopkins (1910) found extensive phagocytosis of the transfused 
red cells by the recipient’s leucocytes in a case that died six hours follow- 
ing a direct transfusion (also Ottenberg, 1911). An hemopsonin in 
one of the sera was hypothesized. In uncomplicated cases Jervell 
believes there is a periodic destruction of the transfused blood corpuscles, 
interpreted as a spontaneous disintegration governed by the different 
ages and powers of resistance of the cells. The least resistant are 
destroyed at once, the remainder from the third to the eighth week 
following transfusion, an increased blood regeneration being then appar- 
ent from this “stimulus.” In three cases with incompatible bloods the 
red cells survived 3 hours, 24 hours and 3 days, respectively. 

Controls of the nitrogen excretion, determinations of the residual 
nitrogen, and analytical tests of the oxygen capacity led Wildegans 
(1925) to the conclusion that only a small portion of the directly trans- 
fused corpuscles undergo hemolysis, the larger portion circulating over 
three or four weeks in the vessels of the recipient participating in the 
gaseous exchange and contributing to the increase of the respiratory 
surface. However, both Wildegans (1926) and Goérl (1926) deny the 
value of Ashby’s method of identification of transfused cells, differences 
in shaking of the test mixture resulting in extreme variations in the 
number of non-agglutinated cells. Price-Jones (1924) also takes issue 
with Ashby, finding that when mixtures of agglutinable and non-agglu- 
tinable cells are acted upon by an agglutinating serum, the latter are 
included in the agglutinated clumps. The question is raised as to 
whether this observation may be explained on a purely mechanical 
basis or if, as Morgenroth (1903) found for hemolysin-sensitized red cells, 
there may be an actual diffusion of the agglutinating properties from 
one to the other. To these objections might be added the large part 
which titre would playin this phenomenon and the necessity for thorough 
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knowledge of the iso-agglutinin content of the test sera in the light of 
possible additional factors not readily ascertained in routine procedures 
(Guthrie and Huck). 

Wearn, Warren and Ames state that ‘‘several rises in the counts of 
transfused red cells were noted just before their final disappearance.” 
As explanation they suggest blood volume changes, fragmentation or 
improved circulation. With the brilliant work of Barcroft (1925) on 
the rdle of the spleen as a potential reserve storehouse for red cells 
comes a conception of the possibility of a portion of the sranaiuend cells 
residing 1 in this haven for indefinite periods and ‘‘on occasion”’ reénter- 
ing the peripheral circulation. 

It would seem that here again the variables are so numerous and the 
problems so complicated that the length of the functional life of the 
red blood cells may be considered to range, in all probability, within 
wide physiological as well as pathological limits, subject to an interplay 
of many diverse influences. Nevertheless, the experimental and clini- 
cal evidences of the viability and longevity of the transfused erythro- 
cytes are more than sufficient to warrent the procedure of blood trans- 
fusion in the attempt to remedy red cell deficiency in selected cases. 

B. The White Blood Cells. Samuel Shattock (1899), in his first 
description of the effect of certain pathological sera on the clumping of 
human chromocytes, expressed what was to be the experience of many to 
follow when he wrote with reference to the white cells: ‘Among the 
leucocytes no cohesion ensues. This can be seen in preparations of the 
kind described where leucocytes may be observed lying in the lacunae 
of the chromocyte mesh in all degrees of proximity without cohering. 
But it is most strikingly observed on treating leukaemic blood with 
rheumatic serum. ... . The leucocytes, unlike the chromocytes, how- 
ever large their numbers, remain quite unaffected.” Various attempts, 
published and unpublished, have been made to demonstrate some 
agglutinative serological effect on the white blood cells comparable with 
that on the red cells, but without success up to the present. 

Attacking this problem from another angle, Doan (1926) has recently 
presented evidence indicating the necessity for the consideration of other 
than an agglutinative effect on “foreign” white cells in blood transfusion 
reactions. By means of the supravital technic (Sabin, 1923) for the 
study of living blood cells in vitro, it was found that the sera of certain 
individuals exerted a very marked toxic effect on the white blood cells 
of certain others. In a series of 40 normal individuals: 40 per cent 
showed no effect on the white cells by any serum tested even though 
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the red cells were completely agglutinated in the same preparation 
(‘universal” compatibility); 5 per cent showed definite leucotoxic 
effects with all sera tested quite independent of iso-agglutination; the 
remaining 55 per cent represented nine different combinations of reac- 
tions unrelated to the red cell groupings. No attempt at any arbitrary 
group designation was made because of the frequency of occurrence of 
the wide range of combinations and in the interest of simplicity and 
clarity in the immediate application of the principle. Not only were 
the observed effects qualitative, but quantitative determinations indi- 
cated a disintegration of the white cells directly proportional to the leuco- 
toxic titre of the serum, suggesting a possible source, other than plasma, 
for the foreign protein post-transfusion reaction. A small series of 
clinical cases is cited in application of the principle. The direct match- 
ing of donor and recipient for white blood cell as well as for red blood 
cell compatibility is suggested. There has been no confirmation of this 
work as yet and the proof of its value awaits a wider experience. That 
the non-hemolytic post-transfusion type of reaction has been considered 
as conceivably due to the white cells is evident from the literature 
(Drinker and Brittingham, 1919; Hunt, 1918; Hempel, 1925, et al.). 

Bond (1919) has shown that while whole red cells are not toxie to 
native leucocytes, broken up red cells are highly toxic to these cells 
in vitro. In indirect transfusions any traumatism to the red cells, 
particularly in the use of sodium citrate, might precipitate a disintegra- 
tion of leucocytes productive of a severe reaction. 

That white cells, per se, are innocuous when compatible is indicated 
in the case reported by Minot and Isaacs (1925) in which a blood con- 
taining 89,000 white cells was used for transfusion, with the disappear- 
ance of the transfused leucocytes (lymphocytes) from the peripheral 
blood of the recipient without reaction within two and a half hours after 
the transfusion. On the other hand, when a delayed reaction comes on 
some time after a second transfusion from the original donor (red cell 
compatibility rechecked), with a marked leucopenia persisting into the 
next day (Kohn, 1926) the reaction at least must be explained on other 
grounds than red cell incompatibility. Iordenat and Smithies (1925) 
have described fully their non-hemolytic ‘‘anaphylactoid delayed and 
constitutional responses” after transfusion. The reactions come on 
one to twelve hours following transfusion, with leucopenia but no evi- 
dence of red cell destruction. These ‘‘anaphylactoid protein phenom- 
ena” could readily have their origin in disintegrating white cells (see 
also Carrington and Lee, 1923; Hempel, 1925). 


THE TRANSFUSION PROBLEM 41 


C. Platelets. The question of the réle which either platelet agglu- 
tination or disintegration might play in toxic post-transfusion reactions 
has been largely a matter of conjecture and speculation to date, the 
difficulty of the experimental attack being apparent. The serological 
findings obtained with antiplatelet serum (Sacerdotti, 1908; Bedson, 
1921; Menne, 1922) strongly support the contention that the platelet 
is an independent element of the blood and, therefore, worthy of, and 
demanding, independent consideration. It has been shown (Dale and 
Laidlaw, 1919) that there is an abnormal abundance of platelets with 
marked clumping and agglutination in the blood of cats injected with 
histamine, and v. Behring (1914) ascribed symptoms of anaphylactic 
shock to cerebral capillary embolisms produced by the clumping of 
platelets, through some disturbance in the medium or in the platelets 
themselves. Unger (1919) and Zeller (1921) believe that the platelets 
undergo early coagulative changes when removed from the body, and 
that this alteration may contribute to reported fatalities in blood trans- 
fusion. The latter reports having seen dyspnea, vomiting, chills, col- 
lapse and death after the intravenous injection of agglutinated plate- 
lets. As negative evidence, Drinker and Brittingham (1919) report a 
minimum of reactions with a minimum of platelets and white cells and 
with the washed red cells in salt suspension. 

Only one attempt has been made, insofar as we know, to group human 
platelets with red cell grouping sera. Toda (1923) in a series of 57 
Japanese and British sailors found ‘‘very few exceptions” to the generally 
negative results. In those instances where there was ‘‘questionable 
agglutination” it was without relation to the red cell group. ‘‘From 
the experiments it would appear that the platelets of human blood are 
not capable of being relegated to four groups by means of red-cell group- 
ing sera.’”’ Only a suggestion of the possibility of an independent rela- 
tionship within the platelets themselves is contained in this paper, with 
no follow-up of this lead. 

While no evidence of abnormal platelet agglutinations by foreign 
sera were noted in the supravital studies of Doan (1926) on the white 
cells, in certain pathological bloods an increased tendency to spontane- 
ous clumping has been seen, and this procedure would very easily lend 
itself to a further study of the question, particularly perhaps in cases of 
hemophilia where the blood platelets are much more resistant than those 
in normal blood (Howell and Cekada, 1926). 

D. Plasma. ‘The blood serum is the carrier of substances innumer- 
able as yet little known or conceived of ”’ (Ehrlich, 1900). 
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The earliest record of the toxicity of normal blood is to be found in 
the report of the commission of the Royal Philosophical Society (1666) 
which concluded that the cause of the transfusion reactions they were 
asked to investigate was the intravascular clotting of the transfused 
blood (most of which was heterologous). Landois (1875) was the first 
to employ serum rather than whole blood thus eliminating the compli- 
cating factor of the foreign cells. Using rabbits and dogs he tested the 
effect of a large number of heterologous sera, finding only those toxic 
which flocked or dissolved the erythrocytes. Thrombosis, hemagglu- 
tination, hemolysis—while the major investigations of incompatibility 
have concerned themselves largely with these, through a study of the 
formed elements of the blood, one might suspect that agglutinative and 
lytic phenomena were not alone responsible for all of the reactions en- 
countered in the transfusion of blood. Constituents of the plasma lying 
in the colloid and molecular fields and not so readily appraised may enter 
into some of those reactions anaphylactoid (IKordenat and Smithies, 
1925; Wolfe, 1922) rather than hemolytic in type. (Non-agglutinative 
and non-hemolytic reactions estimated at 10 per cent of all reactions by 
Ottenberg and Kaliski, 1913.) 

In 1910 the toxicity of normal blood was correlated for the first time 
with the phenomenon of anaphylaxis by Doerr, both symptom complex 
and postmortem findings, after normal serum injections, closely resembl- 
ing those of anaphylaxis. De Kruif (1917), after summarizing very 
completely the animal work on the primary toxicity of normal serum 
preceding his own investigations, correlates this serum toxicity with 
anaphylatoxin, a property developed through changes before, during 
and incidental to clotting. That there is a toxic property of blood inde- 
pendent of the agglutinative and lytic properties has been definitely 
demonstrated (Zinsser, 1911; Camus and Gley, 1904, et al.). Drinker 
and Brittingham (1919) found, as did De Kruif, that citrated plasma in 
the pre-clot stage, thoroughly freed from formed elements by prolonged 
centrifugalization or by porcelain filtration, is singularly non-toxic, 
contrasting markedly with serum in this regard (Dold, 1926). 

Increased fibrinogen has been incriminated as increasing the plasma 
toxicity in pregnancy and in certain pathological conditions (Levinson, 
1923; Starlinger, 1921, et al.) and Macht has shown the increased toxic- 
ity of the blood in women at the time of menstruation (menotoxin), 
(1924) and the marked toxicity of the serum of pernicious anemia cases, 
as determined by phyto-pharmacological studies (1926). 

That species and individual characteristics are due to differences in 
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the proteins of the blood plasma (Bierry, 1920) and that the ‘foreign 
protein” character of the donor’s blood may be responsible for clinical 
reactions (Bowcock, 1921; Lee, 1923; Metzler, 1926) is suggested by a, 
their progressive increase in frequency and severity with successive 
transfusions especially when the same donor is used; b, the tendency of 
some donors to cause more reactions than others; c, the occasional 
occurrence of a transient polynucleosis, a feature of the reaction from 
intravenous injection of foreign protein, and d, the development of urti- 
caria and localized edema (Ottenberg and Kaliski, 1913; Meleney et al., 
1917) e, with immediate relief from adrenalin (Sydenstricker, Mason 
and Rivers, 1917), 15-30 drops 1-1000 solution in 30 cc. physiological 
saline intravenously, (Kordenat and Smithies (1925)). Bayliss (1920), 
in analyzing experimental post-transfusion reactions in cats and dogs, 
decided they were not due to lysis of incompatible blood, but rather 
they were an aspect of the action of foreign serum protein analogous to 
that responsible for anaphylactic shock. Though Hooker and Anderson 
(1921) were unable to demonstrate any isoprecipitins or alexin-binding 
antibodies in cross titrations of normal representative group sera, Marie 
(1916) reported just this in two cases of typhoid patients with serum 
sickness after receiving a second injection of convalescent human serum 
intravenously (though the groups were unknown). Hooker and Ander- 
son suggest that the very slight differences in the alien protein nature of 
the donor’s plasma probably could be demonstrable serologically only 
by the most delicate method known, viz., ‘immunization’ within the 
same species. 

Practically, however, three things must be kept in mind with relation 
to the plasma by those performing blood transfusions: 1. It has been 
demonstrated beyond all doubt that the blood is toxic in direct propor- 
tion to the chemical alterations toward coagulation, particularly dan- 
gerous because invisible, in the pre-clot state (Novy, 1916; Novy and 
De Kruif, 1917; Robertson, 1919, et al.). This must always be a spur 
to speed and efficiency in transfusions without anticoagulants, and where 
anticoagulants are used the thoroughness and completeness of the 
immediate effect in preventing coagulative changes must be assured. 
2. In repeated multiple transfusions where sensitization against a pos- 
sible foreign protein is indicated by increasing difficulty in securing suite 
able donors, not only must compatibility of the formed elements be 
assured, but also the same precautions now used in serum therapy (horse 
serum) should be taken and steps (Tzanck, 1922) toward desensitiza- 
tion taken in those instances showing anaphylactoid reactions, 
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(““Pigmy transfusion,” Kordenat and Smithies, 1925.) 3. In pathologi- 
cal states the plasma contains hypothetical non-specific toxins foreign 
to the normal state which may act either independently, or as catalyzers 
on the normal mechanisms, to complicate and endanger the receiving of 
foreign blood. This obligates the using of fresh cells and plasma and 
direct matching of donor and recipient. 

III. PracticaL prospteMs. A. Donors. While the first authentic 
transfusions in man were performed with animals as donors, and without 
any fatalities directly attributable to the foreign blood at least recog- 
nized and reported, the use of heterologous blood in human transfusions 
has been questioned by most physicians from the beginning of the 
physiological era. Blundell (1838) writes that ‘in the original operation 
brute blood was employed, which if taken indifferently from animals and 
in large quantities, is always fatal.”” ‘The utmost liberality can admit 
but this conclusion, that small quantities of the blood of animals may 
be introduced into the circulation of animals of certain other species 
_ without occasioning death, though the operation is generally followed 
by unpleasant consequences” (Benedict, 1853). Until very recently 
there has been no serious attempt to advocate other than the use of 
human blood for human transfusions, and the sole effort has been to 
make even this intra-species transfer of blood simple and safe. 

During the year 1925, and since that time, there has appeared a 
series of papers from Prague (Yourewitch and Teleguine), advocating 
the use of thoroughly washed heterologous red cell suspensions, on the 
theory that all toxicity in whole blood transfusions resides in large 
quantities of hemagglutinins and hemolysins in the serum, which it is 
possible to eliminate by a lavage of the red cells Halber and Hirsch- 
feld (1925) in trying to analyze the question of the toxicity of hetero- 
genetic sera hypothesize an influence on endothelial cells containing 
Forssman’s antigen with a secondary disturbance of the circulation. 
An examination of the experimental observations of Yourewitch and 
Teleguine indicates a recognition on their part of the various factors 
generally accepted as influencing the success of a transfusion, speed of 
injection, dangers in the pre-clot stage, filtration to avoid emboli, etc. 
But they suggest that if the proper human group is not available any 
donor may be used if only the washed cells are given. or, no human donor 
being available, the washed red cells of sheep or ox may be safely in- 
jected with complete functional results. Hedon (1902-17) washed 
defibrinated blood cells free of serum with complete functional results 
on reinjection; Abel et al. (1914) and Yourewitch and Rosenberg 
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(1914) confirmed these findings, though Rossius (1925) has reported 
finding washed erythrocytes able to exert only about the same influence 
as physiological saline in resuscitating animals after severe hemorrhage, 
and she attributes to the injection of serum as good results as from 
the transfusion of whole blood. Takeo Torii (1923) in an extensive 
investigation of heterologous blood transfusions found as a rule com- 
plete hemolysis within 48 hours with hyperleucocytosis, and in contrast- 
ing serum and cells he found the “‘transfused heterologous erythrocytes 
produced a much more toxic and more acute reaction than did the 
heterologous serum.’”’ Moreover, the erythrocytes of the recipient 
even though in a state of active regeneration did not increase in number 
as long as any heterogeneous serum or any proteid from the heterogeneous 
erythrocytes were present in the circulation, for they acted as a de- 
structive element on the native red cells. Rous and Turner (1916) 
warned of the danger to the red cells through the simple manipulation 
of saline lavage, finding a large individual and species variation in resist- 
ance to simple saline washing. Human cells were found as a rule to 
be more resistant than animal cells. They emphasize the necessity for 
the addition of } to } per cent gelatin to the saline or Ringer’s solution 
for washing, and, for preservation, a blood-citrate-saccharose mixture 
was found to maintain the functional capacity for two weeks and pre- 
vent hemolysis for one month. However, Gilbert, T'zanck and Negroni 
(1926) have recently again affirmed the remarkable innocuity of ci- 
trate-saline lavage of the blood cells. Following the method proposed 
by Rous and Turner, Yourewitch and Teleguine have preserved their 
washed heterologous cells in 0.1 per cent glucose for relatively long 
periods without apparent potential functional deterioration. While 
recognizing occasional agglutinations they believe the in vitro findings 
to be more frequent than the in vivo (also Guillot, Dehelly and Morel, 
1917; Sartori, 1922) and the latter to be not necessarily dangerous, a 
dissolution of the clumps being usual within half an hour after formation. 
The probability of a later fatal reaction subsequent to repeated transfu-. 
sion in a case in which the primary reaction has been only slight (Abel- 
mann, 1918; Guthrie and Huck, 1923; Beck, 1926) has not been con- 
sidered in the minimizing of the risks. Also Lee (1917) and Robertson 
(1919) found that in vitro cross group agglutinations could foretell 
either slight reactions, very severe reactions or death, depending upon 
the titre of the agglutinins and hemolysins. 

Skeptical as a consideration of all the available facts tend to make one 
in the critical analysis of the conclusions and recommendations of Youre- 
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witch and Teleguine, they cannot be brushed aside lightly. No con- 
firmation has as yet been recorded except possibly the work of Cruchet 
and Caussimon (1926), who minimize the slight hemolysis which they 
have found as a constant, though “‘usually”’ non-dangerous, accompani- 
ment of all heterologous blood transfusions. The subject is complicated 
by many conflicting observations and opinions. Drinker and Britting- 
ham (1919) found washed whole cell content of human blood to be 
uniformly toxic in both plasmapharesis and in compatible recipients; 
washed defibrinated suspension of red cells, free of platelets and white 
cells, proved the least provocative of reactions in their hands. Syden- 
stricker, Mason and Rivers (1917) maintain that washed group I cells 
can be given with impunity to members of any group, though occasion- 
ally “typical anaphylactic-like’” reactions of mild grade may develop. 
It would seem that the relationship between these findings and the in- 
crimination of the red cell stroma as the principal point of habitat for 
the agglutinogen and hemolysin (Vedder 1919), and the findings of the 
possibility of washing gradually free from the cell the antihemolysin, 
hypothetically protective (Jones, 1921), should be investigated. In 
other words, are the supposed specific antigenic receptors of the red 
cells, capable of ‘foreign protein” effects, removable by lavage without 
affecting the respiratory function which the cellular hemoglobin must 
perform? While seeming highly improbable, the possibility merits 
careful consideration and the test of a further experimental attack. 
The gradually accumulating data on the groupings and iso- and 
hetero-agglutinin relationships in the animal kingdom will be of 
interest in the further consideration of this question (Nuttall, 1904; 
Hektoen, 1907; Kolmer and Matsumoto, 1920; Landsteiner and Miller, 
1925; Matsuda, 1926; Boyden, 1926; Schwartz, 1926; Uhlenhuth, 
1926). 

Meantime, a recognition of the criteria governing the selection and 
use of human donors remains of the utmost practical importance. A 
known healthy individual is desirable. That not only a negative Was- 
sermann reaction is essential (Abelmann, 1918; Libman, 1919; Pember- 
ton, 1919) but also a known negative history is important (McNamara, 
1925, to the contrary notwithstanding) is evidenced by the recovery of 
spirochetes from the blood of late and latent luetic cases (Stokes, 1918), 
and the recorded instances of acute secondary syphilis developing from 
the transfusion of blood from a latent syphilitic to a normal patient 
(Weiss, 416; McClure, 1916; Pemberton, 1919; Brehm, 1923). Ramirez 
(1919) warns of the transmission of anaphylactic or reaction bodies as 
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the result of the possible contraction in his recipient of hypersensitivity 
to horse dander following blood transfusion from an asthmatic donor. 
Coca (1920) believes this to be only an accidental coincidence since in 
a second instance Ramirez’ donor did not impart the hypersensitivity. 
However, experimentally ‘‘passive anaphylaxis” has been proven to be 
not a theoretical possibility only but an accomplished fact and potenti- 
ally highly dangerous (Gay and Southard, 1907; Otto, 1907; DeBesche, 
1918; Boughton, 1920; Schwarzmann, 1926). Blalock (1926) records 
the development of an eruption of small pox in the donor the day fol- 
lowing the transfusion and ten days later the development of the disease 
in the recipient. Malaria of course must be excluded (McClure, 1916), 
and filiariasis (Wildegans, 1925; Breitner, 1926). 

It has been noted by many clinicians that certain donors seem to 
have the power of imparting much more benefit from a fixed amount of 
blood than others (Peterson, 1916; Abelmann, 1918: Pemberton, 1919; 
Kilgore, 1926). Particularly is it apparent in cases of pernicious 
anemia (Unger, 1919), though the exact factors operating in this dif- 
ference have never been defined or determined except from the clinical 
test. A certain tendency toward polycythemia in the donor has been 
described as yielding a special stimulus to the recipient (Wildegans, 
1925; Emile-Weil and Steffel, 1925). 

Abel, Rowntree and Turner (1914) have demonstrated that the 
healthy body will withstand and quickly repair large losses of fluid, 
up to one-third of the blood volume lost at one time. Rous and Wilson 
(1918) determined that three-fourths of the total hemoglobin may be 
safely removed provided the blood bulk is maintained. Lindhard 
(1926) has found the total blood volume in a series of healthy men to 
average 4.9 per cent of the body weight, a liter of blood (1 kgm.) thus 
representing 1.4 per cent or something more than one-fourth of the circu- 
lating fluid of a 70 kgm. man. This information is essential that the 
operator may keep well within the limits of safety for the donor. 

A study of the question presented by the professional donor (Unger, 
1919; Waugh, 1919; Framulener, 1922; Giffin and Haines, 1923; Bran- 
denburg, 1923; Powell, 1926) indicates the necessity for a thorough 
examination of the cellular status of the blood before each donation. 
While one donor may give 60 transfusions or 50,000 cc. of blood in 
six years (a total loss of ten times his blood volume) and be found in 
perfect condition at the end of the period (Unger), definite secondary 
anemias of various degree often develop. Beck (1926) believes an 
average donor may give safely 500 ec. of blood every four to five weeks, 
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and Moons (398) finds a healthy man capable of donating 500 cc. of blood 
about eight times a year. While 800 to 1400 ec. have been taken from 
a single donor, this quantity approaches the limits of safety for many 
donors. An overwithdrawal of blood is indicated by increased pulse 
and respiration, repeated yawning, deep sighing, pallor, sweating and 
occasional collapse. Recovery is usually rapid with restoration of fluids 
(Unger, 1919). An interval sufficient for the complete return to normal 
of total red cells and hemoglobin should be insisted upon by all physi- 
cians using the same donor repeatedly. 

The advantages as well as the dangers accruing with the increasing 
availability of “professional donors’ are evident. Recently (369) 
the report of the existence of a London Transfusion Service, as a branch 
of the Red Cross, on the roll of which are listed almost a thousand 
donors, and the long lists of available donors found in the possession of 
every large hospital in this country bespeak the growing importance of 
blood transfusion, only a wise use of which may justify its increasing 
vogue. 

Of course, in our present state of knowledge, the necessity for the 
utmost degree of complete compatibility between donor and recipient 
in formed elements and plasma, with the donor of choice having the 
lowest titre for agglutinins, agglutinogens and hemolysins is of the 
first magnitude. 

B. Compatibility Tests. The applicability of the phenomenon of 
iso-agglutination to the problem of transfusion has depended upon a 
satisfactory in vitro testing of the blood of donor and recipient. The 
methods of Epstein and Ottenberg (1909) and of Fishbein (1912) first 
utilized Wright’s capillary pipets to accomplish a large number of tests 
with a small amount of blood. Moss (1911) pointed out that only the 
cells or sera of known groups II and III are necessary for the establish- 
ment of the group, and Lyon (1919) and Vogel (1926) have since shown 
that either II or III serum alone may be sufficient. Weil (1915) and 
Rous and Turner (1915) introduced the sodium citrate mixture and 
showed that a weak agglutinin could be demonstrated quite as well with 
mixtures of citrated whole blood as with serum and a diluted suspen- 
sion of washed red cells. The time-saving and efficient procedures with 
platinum loop quantities and hanging drop preparations (Brem, 1916; 
Moss, 1917; Minot, 1915; Lee, 1917; Coca, 1918; Vincent, 1918; Abel- 
mann, 1918; Karsner, 1918), in various modifications, with both macro- 
and microscopic readings, seem to be the method of choice, though it 
must be remembered that hemolysis is not so readily apparent as in 
the macroscopic tube-reading. 
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As a further means of conserving time and affording greater conveni- 
ence Sanford (1918) recommended the use of dried serum (Gill, 1922), 
marked agglutinative powers being conserved for more than two months 
in his experience and Hartman (1918) found serum of high titre dried 
on filter paper serviceable. However, Karsner and Koeckert (1919) 
found that normal human iso-agglutinins exhibit deterioration within 
from 2 to 3 weeks, and loss of group specificity in 3 to 5 weeks after 
drying, regardless of the method of desiccation employed, the previous 
addition of a preservative, or the elimination of salts by dialysis. After 
7 to 10 weeks the dried serum possesses a strong but non-specific agglu- 
tinating power. Moss (1911) had found that sterile ampouled serums 
retain their specific agglutinative power six months or longer, and Kars- 
ner and Koeckert endorse this method of preserving test sera suggesting 
the use of small capillary tubes for convenience when large numbers of 
tests are not the routine. The use of antiseptics while advocated by 
some (Bigger and Wigham, formalin; Vincent, tricresol; Karsner, 0.5 
per cent phenol; et al.) has been incriminated by Breitner (1926) in the 
light of the increased importance of titre determination. Bacterial 
contaminations, filtration as with a Berkefeld, addition of cresol or car- 
bolic acid, strong antiseptics, all affect the titre. For test sera Breitner 
draws blood into sterile flasks, permits clotting and separation of the 
serum at room temperature for 24 hours, and then cultures in three 
different media. Only if all three show no growth, is the titre ascer- 
tained and storage in sterile ampoules permitted. He also records the 
name and age of individual, tendency to plethora, etc. From an analy- 
sis of these data he has found the highest titres between the ages of 20 
and 30, the lowest in hypertonic elderly individuals. For the ascertain- 
ment of groups the test sera must exhibit a high agglutination titre 
toward the cells to be tested, 1:8 being the lowest limit, for in the case 
of recipients’ serum and donors’ corpuscles the bad effects occur in the 
range of titre from 1:4 to 1:8. Though in this titre the donors’ serum 
(usually “universal donor’’) may be negligible, because of the dilution 
equivalent to the recipients’ blood volume (Ottenberg and Kaliski, 
1913; Lee, 1917) it has been shown not to be safe in higher titre (Butka, 
- 1926; Jones and Glynn, 1926; Levine and Mabee, 1925; Freeman and 
Whitehouse, 1926: Ottenberg and Johnson, 1926). 

Starlinger (1925) has ne'nted out that properties of blood serum may 
not a priori be bidlogically comparable with the plasma but rather 
that serum is a ‘denatured division product” of plasma. Genou (1901) 
and Brodie (1901) first showed marked differences bacteriologically and 
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physiologically in serum and plasma. In comparative tests with both 
serum and plasma Starlinger has found that the agglutinins are almost 
never the same quantitatively and sometimes they appear to be differ- 
ent qualitatively. He believes the testing with plasma rather than 
serum when there is any question of doubt, will more certainly give 
both absolute and titre determinations, and help to eliminate those 
distressing post-transfusion reactions observed even when compatibility 
tests with test sera have been reported satisfactory (Metzler, 1926). 

Falgairolle (1926) specifies two sources of error in examining blood 
for incompabibility. In the newborn, erythrocytes and serum may 
not be capable of iso-agglutination though at any moment during the 
first two years of life they may become established (Happ, Jones, As- 
trowe). This makes direct matching essential immediately preceding 
each transfusion in infants. The other source of error lies in false iso- 
agglutinations. To avoid this latter difficulty Falgairolle utilizes a 
standard test serum of known high titre (3 parts) with kaolin suspen- 
sion (1 part). Lattes (1924) has suggested lecithin to eliminate com- 
plicating rouleaux formation and pseudo-agglutination. Badino (1925) 
found panagglutinins to be absorbed by the coagulum in blood allowed 
to clot in the ice box and warns against their presence in fresh plasma. 

At this point the question of the temperature at which the optimum 
reaction may be expected to take place arises. It is generally agreed 
(Landsteiner and Witt, Clough and Richter, Guthrie and Pessel, Jervell, 
Chen-Pien, Amzel and Hirschfeld, Schiff, et al.) that all agglutinations 
other than the true iso-agglutinations take place more readily at low 
temperatures, and some only at 0°C. But with reference to iso-agglu- 
tination itself there is a decided difference of opinion. Guthrie and 
Pessel, and Jervell, find the agglutinative titre higher and the rapidity 
of the reaction greater at ice box than at body temperatures, and the 
corpuscles adsorb in a given time larger amounts of iso-agglutinins. On 
the other hand Landsteiner, Brem, Moss, Hooker and Anderson, Ashby, 
Jones, Isaacs, Kordenat and Smithies, Roby-Jones and Glynn, Hiibener, 
Schiff and all of the earlier workers performing the tests at room tem- 
perature (20°C.) or at 37°C. report either no differences detectable at 
the various levels or an increased speed of iso-agglutination as the 
temperature approaches the incubator level. Higgins (1926) has just 
reported variation in temperature as ‘‘an important factor in iso-hemag- 
glutination.”” At freezing temperature the agglutination appeared in 
18.8 seconds; at normal room temperature in 27.5 seconds; at 37.5° 
in 22.3 seconds; at 39.5° in 29.3 seconds; and at 50° in 38.6 seconds. It 
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would seem we could hardly debate this question on the basis of Hig- 
gins’ findings in tenths of seconds. Amzel and Hirschfeld (1925) 
found the ‘‘heat-amplitude”’ for iso-agglutinins to be from 0°C. to some- 
thing over 40°C. Until the border line reactions simulating true iso-ag- 
glutination have been properly delimited, and since one of the principal 
criteria at our disposal at the moment for differentiation is their very 
definite relationship to low temperatures, in the practical clinical routine 
grouping of bloods for transfusion the quantitative test at room or incu- 
bator temperature would seem to be sufficiently sensitive and safer until 
proven from further work to be inadequate. “Certainly cold agglu- 
tination is not an entirely satisfactory method for the detection of sub- 
tile individual differences of human blood” (Landsteiner and Levine, 
1926). Readings at the end of 4 hour at 37°C. were advised by Moss, 
and Jones and Glynn found the maximum agglutination at the end of 
two hours to be independent of temperature. While many observers 
have directed readings at 3, 5 and 15 minutes, agglutinations with sera 
of weak titre not infrequently appear only after longer periods. 

Price-Jones (1924) found that though hemolysis may not be apparent 
in dilutions of 1: 100 or 1: 200, in such sera hemolysis may be consider- 
able at dilutions of 1: 1000. With weak suspensions of red cells, as 
might exist in certain anemias, he found spontaneous hemolysis also 
occasionally occurring. Fenn (1922) explains such hemolysis on the 
basis of surface contact, the corpuscles attempting to spread out along 
the surface, the phenomenon being apparently promoted by relative 
acidity of the medium. It is probably not due to alkali dissolved from 
the glass as suggested by Hausman and Kerl (1920) and Waller (1922). 

Jones and Glynn (1926) used five serum dilutions, 1 in 2 to 1 in 162, 
with an unstandardized 2} per cent cell suspension, and Gram and 
Thomasen (1926) made five preparations of each suspension as a safe- 
guard against error. Hesser (1924-25) discusses at length the 
optimum quantities of serum and cells for the test. Schiff (1926) 
has just published a complete monograph on the technic of blood 
grouping, in the light of the recent work indicating the need of quanti- 
tative methods. 

Controls for auto-agglutination, for the titre of the test sera, for the 
titre of the donors’ serum for the recipients’ cells, tests for both group 
determination, in case the donor and recipient should have weak agglu- 
tinin titres (Karsner, 1921) and for direct compatibility for possible 
abnormal accessory iso-agglutinins, make up the sine qua non of the 


compatibility tests for red cells as applied to the clinical transfusion of 
blood to-day. 
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For the testing of the compatibility of the white blood cells (Doan, 
1926) supravital preparations are made and studied in the warm box 
at 37°C. The fresh plasma is dried on clean cover slips and the cells as 
obtained from a drop of blood direct from the donor or recipient are 
studied in the sealed preparation made in the usual manner. Any 
leucotoxic manifestations are evidenced by an injury to the motility and 
integrity of the white cells, in contrast to the cells in a control prepara- 
tion made at the same time with a clean cover slip and mounted on the 
opposite end of the slide. It was found that while citrated plasma per se 
was non-injurious to the white cells, in the presence of a leucotoxic 
factor in the blood the citrate greatly increased the disintegrative effect 
of the non-citrated serum. This may account for the more frequent 
reactions reported with the citrate method. Non-toxic in itself in the 
concentrations used for anti-coagulation of blood for transfusion, in 
the presence of slight incompatibilities otherwise overlooked, it may 
catalyze the effect relative to both red and white cells. 

Every factor with which one is dealing in these tests is a variable 
and should be recognized as such. The complacency with which the 
older clinicians viewed their relatively few serious accidents before and 
after the qualitative iso-agglutination phenomenon was known, should 
not be reflected in the attitude of the present day physician in the pres- 
ence of the recognition of quantitative and possibly additional qualita- 
tive phenomena, the understanding of which will still further decrease 
that continually diminishing quota of fatalities from blood transfusion 
therapeusis. 

C. Technic of Blood Transfusion. ‘‘Too much stress is laid on the 
technic as in all operations which are still in the stage of infancy. 
First a lot of new instruments are invented which are the pride of the 
inventors, then the technic becomes a minor detail and the indications 
the main object. Of all the instruments only the simplest are kept.” 
Should this pronouncement of Hueter made in 1871 be applied to-day 
as the criterion for the maturity of the operation of blood transfusion it 
must be adjudged one of the most youthful of medical procedures. 
While the indications for and application of blood transfusion have 
received a gradually increasing appreciation, modifications of technic 
are still of almost daily occurrence. It is well known that every method 
in use to-day is occasionally followed by a reaction of mild, moderate 
or even extreme severity; this coupled with the peculiar necessity in 
this therapeusis for the operator to be thoroughly familiar with a pro- 
cedure which may lend itself to simple and rapid application with a 
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minimum of delay and personnel in emergencies, has tended to make 
the presentation of individual efficiency modifications almost as numer- 
ous as those employing transfusion. 

The two essentials demanded of every technic are the assured deliv- 
ery of blood cells which will function and the assurance to the operator 
of the amount of blood transfused. Given these requisites the particu- 
lar modus operandi should depend upon the circumstances of the indi- 
vidual case,—the condition of the patient, the circumstances under 
which the transfusion must be performed, and not least, though last, 
the method with which the operator himself is most familiar and adept. 
Individual efficiency is far more important than the particular method, 
in testimony of which is the record of results from the different pro- 
cedures in the hands of different clinicians, the percentage of successes 
as a rule being in almost direct relation to the skill and experience of the 
individual. The clinical reports to date are hardly statistically com- 
parable as a basis for establishing which procedure is inherently best, 
because of the lack of any general standardization of the many factors 
entering into the results (Kordenat and Smithies, 1925). 

Of the methods in use today with their many modifications two general 
types of procedure may be recognized: 1, direct blood transfusion by 
anastomosis of vessels with or without cannula, and 2, indirect trans- 
fusion with or without anticoagulants by means of syringe or paraffined 
tube. 

During the first decade of the development of an understanding of 
the isoagglutination phenomenon Crile (1906) applied the Carrel suture 
in blood vessel anastomosis to the problem of transfusion (also Guthrie, 
1912). Thus the beginning of the twentieth century saw the placing 
of the whole subject of blood transfusion for the first time upon a sound 
scientific basis both theoretically and technically, inaugurating an 
entirely new and what this time promises to be a permanent era of 
beneficial application of a therapy so long recognized as desirable but 
so difficult of successful accomplishment hitherto. 

The earliest transfusions were direct from animal to man usually 
through intermediate tubes (Lower “pipe,” Denys “‘quills,’’ Albini 
“cannula”’) and Beck (1926) reproduces some very interesting old wood 
cuts showing the various arrangements of man and beast to accomplish 
this interchange. Because of the inherent difficulties in making a per- 
fect end-to-end anastomosis, Queirolo (1894) had made use of a glass 
tube to facilitate the blood vessel suturing, and in 1900 Payr substituted 
a metal tube for the glass one, which latter has formed the basis for most 
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of the succeeding tube systems. Crile’s tube has been modified by 
Elsberg (1909), Hepburn (1909), Bernheim (1912), Hennington (1913), 
Landon (1913), et al. Paraffined tubes have been used in various modi- 
fications (Brewer and Leggett, 1909; Williams, 1910; Risley, 1912; 
Tuffier, 1912; Morel, 1917). Other than simple tube mediation for the 
approximating of vessels, the more complex the less successful, have 
been suggested (Laurent, 1909; Soresi, 1911; Janeway, 1911; Levin, 
1913; MeGrath, 1914; Morel and Guijarre, 1914; Gébell and Pagemann, 
1914). Usually the radial artery and one of the veins at the elbow are 
used (Hartwell, 1909, Sauerbruch, 1915, Erkes, 1916, and Hull, 1917, 
invaginating or suturing artery into vein) though advocacy of direct 
vein-to-vein transfusion has been made (Dorrance and Ginsburg, 1912). 

There are three principal objections to the direct transfusion of blood: 
1, it is a surgical procedure requiring rare skill and experience; 2, while 
the operator has the flow of blood constantly under his control he cannot 
know precisely the amount of blood he is taking and giving; 3, in cases 
requiring repeated transfusions and with donors willing to donate 
blood frequently each transfusion means the sacrifice of the vessel used. 
With the improvement in other technics for the giving of unmodified 
whole blood the direct anastomosis of vessels is no longer essential for 
this reason alone. 

The use of defibrinated blood, first advocated by Bischoff (1838) 
to eliminate the toxic reactions from whole blood in which coagulative 
changes had started, and popularized by Prevost, Panum, Dieffenbach 
and Brown-Séquard, has in recent years fallen largely into desuetude. 
Esmarch (1877), using an apparatus similar to a modern salvarsan out- 
fit, applied the transfusion of defibrinated blood to the battlefield 
surgery in the Prussian Army. He carefully defibrinated the blood by 
whipping and recommended two defibrinations and two filtrations to 
insure against the possibility of injecting any coagulum. Later (1901), 
however, following Kohler’s (1877) emphasis on the dangers attendant 
upon an injection of excess of fibrin ferment, he condemned the use of 
defibrinated blood together with all methods of blood transfusion, ad- 
vising intravenous saline only for every indication formerly demanding 
transfusion. Fuld (1903) showed that the harmful substances in de- 
fibrinated blood were changed to an apparently harmless modification 
if filtration was conducted without pressure and if the blood were per- 
mitted to stand for an ample period (Morawitz, 1906-07 ; Denecke, 1926) 
for the full completion of all changes in the coagulative factors. The 
method of defibrination also influences the degree of toxicity of blood. 
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Satterlee and Hooker in 1914 reviewed this method from an historical 
and practical standpoint pointing out the danger of insufficient defibrina- 
tion, bacterial contamination, physiological blood changes and variable 
toxicity. That the use of defibrinated blood in the hands of some physi- 
cians is nevertheless still being used with success and without reactions 
is evidenced by the recent clinical reports of Opitz (1924), Plehn (1926), 
Denecke (1926) and Platt (1926). 

Blundell (1818) probably was the first to employ the syringe principle 
in blood transfer. ‘‘By a variety of experiments I satisfied myself that 
blood may be transfused through the syringe as through the heart; that 
if deterioration occur it is not such as to render it unfit for the animal 
body.” Dieffenbach (1828) accomplished his ‘mediate’ transfusions 
by means of a syringe. In 1853, even though no recorded transfusions 
had yet been performed in this country, a committee appointed to 
investigate the operation of transfusion reported to the Fourth Annual 
Meeting of the Louisiana State Medical Society recommending the 
adoption of Blundell’s syringe technique (Benedict, 1853). 

Von Ziemssen (1892) successfully employed the syringe method of 
transfusing subcutaneously, and later intravenously. Though Moritz 
(1911) used essentially the same procedure two decades later, Lindemann 
(1913) really rediscovered the advantages of this method to the profes- 
sion and with an increased interest in transfusion already aroused, modi- 
fications of this general technique have been appearing ever since 
(Cooley and Vaughan, 1913; Freund, 1913; Kush, 1915; Bernheim, 1915; 
Dorner, 1923; Bécart, 1925; Stoll, 1925-26, and Carlton, 1926). Un- 
ger’s modification (1915) introduced the use of a four-way stopcock with 
a constant salt flushing of the syringe-cannula apparatus and an ether 
spray to prevent the formation of clots. The opportunities for inventing 
more or less complex varieties of switches of this type have not been 
missed (Brines, 1923-26; Janes, 1920; Donahue, 1926; Marr, 1926; 
Jones, 1926, Jiingling, 1925). Oehlecker (1919) devised a syringe tech- 
nic with two-way stopcock and short Y-tubes leading from glass can- 
nulae surgically sutured in the vessels of the victims, which has formed 
the basis for most of the work in Germany (Bonhoff, 1922; Nather 
et al.). Schiffer and Kirschner have substituted needles for the surgi- 
cal part of Oehlecker’s device, making an apparatus similar to that of 
Bernheim (1917). Beck (1925-26) has an elaborate apparatus, on 
the principle of Unger’s modification, which is finding some acceptance 
in Germany (Hiuptli, 1926). 

Kimpton and Brown (1913), in the same year that Lindemann made 
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available the syringe cannula method of transfusion, suggested the use 
of a specially graduated paraffined glass cylinder with S-shaped bend 
ending in a cannula point which could be inserted into a dissected 
and ligated vein, and this procedure has won many adherents—with 
modifications, particularly in the substitution of a medical for a surgical 
approach to the veins (Satterlee and Hooker, 1914; Percy, 1915; Vin- 
cent, 1916; Kreuscher, 1918; Rieux, 1918; Alton, 1919; Brenizer, 1919; 
Schlipfer, 1921; Gabriel, 1926; Moll, 1926; Brooks, 1926). What is 
known as the Brown-Percy-Schlipfer apparatus based on the paraffined 
tube idea is one of the methods of choice in transfusion in Germany 
today (Nather, Ochsner and Boitel, 1924; Nather, 1926; Beck, 1926). 

Numerous anticoagulants have been suggested in the attempt to 
overcome the great danger from the chemical changes toward coagula- 
tion which occur when indirect transfusion of whole blood proceeds too 
slowly. Major (1667) who may have performed-the first transfusion in 
man, used ammonium sulphate to prevent coagulation of the blood. 
Neudorfer (1860) suggested the use of sodium bicarbonate and Braxton 
Hicks (1869) reported the successful use of sodium phosphate in several 
obstetrical transfusions at Guy’s Hospital. Tzanck (1922) found sul- 
farsenol as effective as sodium citrate. Ammonium oxalate and ars- 
phenamine have been used successfully (Brines 1926); sodium iodide is 
advocated by Norton (1924), sodium sulphate by MacCraken (1926) 
and Abelmann (1926), and hirudin, though successful when non-toxic, 
is difficult to procure in a constant state of purity, and is thereby elimi- 
nated for human work for the present (Abel, Rowntree and Turner, 
1914; Turner, Marshall and Lamson, 1915; Marshall, 1915;Satterlee and 
Hooker, 1914-1916, et al.). 

However, sodium citrate, used either in conjunction with the methods 
already mentioned, as for instance the flushing of syringes with the 
‘ Lindemann or Unger technics, or in an entirely independent indirect 
method of transfusion has been and is by far the most popular antico- 
agulant in use today in France, England and America. Suggested by 
Hustin (1914) and applied by Agote (1915), Lewisohn (1915) and Weil 
~ (1915) independently and almost simultaneously, to human blood trans- 
fusion, this long well-known chemical of the physiological laboratory 
has had a meteoric ascendancy in the profession. Lending itself admira- 
bly to the conversion of blood transfusion from a surgical to a medical 
procedure at a time when the surgeons needed relief from all unneces- 
sary operations, its acceptance was immediate and enthusiastic. With 
the work of Rous and Turner (1916) showing the possibility of preserv- 
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ing the red cells and conserving their vital functional properties in blood- ~ 


citrate-glucose mixtures, there was at once a simplifying of technic and 
the creation of an elasticity for time and distance in the transfusion of 
blood not dreamed of before. Robertson (1918) immediately applied 
the principles to the problems peculiar to the war conditions and shortly 
thereafter the Citrate Method was adopted as the procedure of choice 
for blood transfusion in “every front hospital of the A. E. F.” (1918). 

The use of sodium citrate reduces the magnitude of the operation of 
blood transfusion very considerably and thereby occupies the anomalous 
position at once of a great boon and a great menace to humanity. It 
places within the reach of practically every physician this method of 
treatment, and its devotees in recent years have increased in every 
country except Germany (Lewisohn, 1915-17; Hedon, 1918; Fleming 
and Porteous, 1919; Stansfield, 1918; Keynes, 1920; Jeanbrau, 1918; 
Murard, 1918; Bernheim, 1919; Bejarano, 1919; Joannides and Cameron, 
1924; Sydenstricker, Mason and Rivers, 1917; McLester, 1926; Hoffman, 
1922; Panchet, 1922, et al.). The dosage sufficient to prevent coagula- 
tion of the blood Lewisohn and others have shown to be well within the 
toxic limits (Salant and Wise, 1916), and to decrease rather than increase 
the coagulation time of the blood in vivo (Bejarano, 1919; Renaud, 


1924-25). Drinker and Brittingham (1919), Pemberton (1919) and ~ . 


Brines (1926) hate pointed out that the coagulative properties of blood 
of different individuals vary markedly, 0.2 per cent sodium citrate 
being frequently insufficient to prevent gross clotting, to say nothing 
of permitting non-detectable chemical changes toward coagulation 
definitely known to be toxic. It is suggested that insufficient citration, 


together with delayed and careless mixing of blood and anticoagulant — 


may be responsible for the higher percentage of reactions recorded with 
this method (Bacon, 1924; Lederer, 1924: Kretzler, 1924; Bernheim, 
1921). As has been mentioned previously, lack of experience being less 
of a deterrent in the promiscuous use of this procedure cannot but ac- 
count also for more reactions than might be expected to be inherent in 
the method. As a further indictment against this method it has been 
found by certain investigators that sodium citrate increases the fragility 
of the red cells (Drinker and Brittingham, Unger) and markedly reduces 
the opsonic index of the plasma, the phagocytic power of the leucocytes, 
and destroys complement and platelets (Colebrook and Storer, 1923; 
Agnew, 1924; Thornton, 1925; Unger, 1921), though Walsh and Harms- 


worth (1926) found it strongly inhibitory to the growth of staphylococ- 


cus in the blood. The simplicity of the apparatus necessary for the 
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citrate transfusion is well known (Kobertson, 1918; Hunt, 1918; Hoff- 
man and Habein, 1921; Dutton, 1924; Gibson, 1926; Desplas and Peyre, 
1926; Benda and Clerc, 1926, et al.). 

As happens with most innovations, the ultimate judgment in tms 
instance will probably be that instead of one method being found to be 
_ the best in every case, the circumstances surrounding each individual 
case or group of cases must determine which of the tried and proven 
methods most nearly conforms to all of the requirements of the moment 
(Clairmont and Miiller, 1926). The sodium citrate method has proven 
advantages as well-as proven disadvantages (Bernheim, 1921) and 
in spite of its ostracism in Germany and in certain surgical clinies in 
this country it must continue to be the method of choice in certain 
emergencies, particularly with its unique ability to preserve the func- 
tional integrity of the cells for definite periods (Rous and Turner, 1916; 
Burmeister, 1916; Robertson, 1918; Bigger and Wigham, 1922; Torii, 
1923). The many additional factors now known to enter into the pos- 
sible causation of reactions must share the responsibility with the 
methods themselves in the attempt to determine their origin (Meleney 
et al., 1917). “Healthy, unmodified whole blood” in the strictest 
sense of that phrase certainly must always theoretically be the fluid 
of choice for transfusion (Brines, 1926; Kordenat and Smithies, 1925) 
but the elimination of the use of anticoagulants does not in itself neces- 
sarily mean that the recipient has received the optimum life giving 
fluid. 

Practically all methods require the use of normal saline solution either 
as a solvent, diluent or as a means of flushing the apparatus. Cohn- 
heim’s experiments in 1869 showed the superiority over water of a solu- 
tion of sodium chloride corresponding to the percentage of that salt in 
the blood. It is especially to the work of Wechselmann (1911) that we 
owe the knowledge of the toxic reaction which may occur from water 
not freshly distilled and from insufficiently sterilized physiologic sodium 
chloride solution. Seibert (1923) has shown that remarkably minute 
quantities of bacterial protein suffice to produce fever, thus producing 
evidence for the source of the reactions noted by Wechselmann and 
hypothetically attributed by him to bacterial contamination of the 
distilled water. No. only must the water used be freshly distilled but 
also it must be glass distilled, lead, copper, nickel or zine being dis- 
solved to an amount sufficient for toxic manifestation (Emery, Sicard 
Leblane (501), MecLester, 1926). Matzenauer (560) has shown that 
enough alkali may be dissolved out of ordinary glass to produce toxic 
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results, hence only hard Jena glass should come in prolonged contact 
with distilled water to be used for intravenous injection; and to avoid 
bacterial contamination, it must be in hermetically sealed ampoules if 
kept for any length of time before use (Dreyfus, 1920). Busman (1920) 
has rightfully emphasized the dangers inherent in new rubber tubing. 
The need for extreme care in every procedure which has for its object 
the treatment by the intravenous route cannot be over-emphasized 
(Hanzlik, DeEds and Tainter, 1925; Fantus, 1926). 

Dosage and route. To the clinical judgment of the operator must 
be left the decision of dosage, and route for the giving of the blood 
once transfusion therapy is decided upon. That this is no insignificant 
responsibility is evident. The indications change with the time and the 
circumstances in each individual case and the amount of blood given is 
very frequently a factor of considerable importance in determining the 
result. Depending upon the age, weight, general condition, heart, 
lungs, kidneys (Kordenat and Smithies, 1925), the disease for which the 
transfusion is advised and the “critical period”? (Lindemann, 1919) in 
the disease, a larger or smaller amount of blood is indicated to be 
given more or less slowly; children 80 to 150 ce.; adults 300 to 1000 ce. 
Unger (1919) emphasizes the serious consequences in hypertransfusion 
in adults citing a case dying of pulmonary edema following transfusion, 
and Cherry and Langrock (1916) point out that too large amounts of 
blood are fatal in infants. Precordial distress, headache, backache, 
pain in legs, but more especially a short sharp cough are the warning 
signs and symptoms. Unger warns never to give more than 200 ce. 
of blood after the first cough, the condition described being entirely 
independent of the rate of the transfusion. 

The estimated blood volume in the human individual is approxi- 
mately sy or 5 per cent of the body weight (Jones and Glynn, 1926; 
Keynes, 1922; Lindhard, 1926) which is, in the average adult, about 4 
liters and in the infant of 7 pounds about 160 cc. This knowledge of 
the normal blood volume at least indicates something of the upper limits 
of safety in transfusion. Clinical observations indicate that when a 
loss of 4 the blood volume is incurred by hemorrhage there is grave 
danger of a fatal outcome; therefore, in the newborn Cherry and Lang- 
rock estimate 60 to 75 ec. of blood as sufficient to supply the necessary 
elements to promote clotting and enough cellular elements to replace 
those lost by hemorrhage. Carlton (1926) suggests 15 cc. intravenous 
fluid per pound of body weight given over a period of 5 to 10 minutes or 
in thoracic disease 10 ec. in a 25 minute period, as safe. Depage and 
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Govaerts (1917) in studying the hematologic indications for transfusion 
in wounded soldiers, found if the red cells fell below 4,500,000 in the 
first three hours, below 4,000,000 in eight hours, or below 3,500,000 in 
twelve hours (abdominal wounds excluded), the outcome would be fatal 
without the transfusion (Lacoste, Lartigaut and Picqué, 1919) of 800 to 
1000 cc. of blood (Robertson, 1918). Fullerton, Dreyer and Bazett 
(1917) believe an hemoglobin of 40 per cent sufficient to carry on oxida- 
tion in a patient at rest in bed. 

Aside from the limitations mentioned the clinical opinion varies widely 
as to the optimum efficacy of varying amounts of transfused blood, from 
an advocacy of small amounts, 5 to 10 ec. daily (Sheppard, 1926; 
Kohler, 1916), through amounts of 200, 300 or 500 ce. at one to two 
week intervals (Stansfield, 1917; Zingher, 1919; Janes, 1925; Hunt, 
1918; Robertson, 1918; Kapel, 1926; Barker, 1926; Jones, 1926) to the 
giving of large amounts of blood (800 to 1200 éc.) in one transfusion 
(Unger, 1919; Lindeman, 1919, Hoest, 1922; Plehn, 1926; Kapel, 1926). 
Duke and Stofer (1923) report transfusions sufficient to produce a nor- 
mal color of the skin and mucous membranes in the recipient, which 
led them to give from 1900 to 2500 cc. at one time in adults and from 
500 to 900 ee. in 14 to 15 pound infants, the latter equivalent to 5 liters 
of blood given to a 140 pound man. They controlled the transfusions 
by following the pulse rate, pulse volume and subjective symptoms with 
at least no reported intolerance of these massive blood amounts. To 
raise the blood count 1,000,000 red cells Halbertsma (1922) found it 
necessary to transfuse 15 ec. of blood forevery kilogram of body weight 
in the recipient. But here again the choice of the amount of blood to 
be given must be governed by a variety of considerations too numerous 
to permit of any generalizations. 

The possible routes by which blood may be given to the recipient are: 
1, intravenous, the usual method of choice; 2, intra-arterial (Ksmarch 
1877), obviates danger of overdistention of the right heart; 3, subcu- 
taneous, intramuscular, intragluteal (von Ziemssen, 1892; Kohler, 1916; 
Schaefer, 1918; Rookmaker, 1926), infrequently employed; 4, into the 
longitudinal sinus in infants (Schmitt, 1926; Guéniot, 1926, et al.); 
5, intraperitoneal, usually in children (Siperstein and Sansby, 1923; 
Siperstein, 1923; Ruh and McClelland, 1923; Opitz, 1924; Conrad, 
1925; Sansby, 1925), though Klinge (1925) used this route successfully 
in two adult cases of pernicious anemia; Vollmer and Serebrifski (1926) 
warn of this route having found splenomegaly developing in rabbits 
after intraperitoneal transfusion; 6, per rectum, in cases of large hemor- 


THE TRANSFUSION PROBLEM 61 


rhage in an infected field, Schaefer (1918) has used the blood as a rectal 
drip in modification of the usual autotransfusion procedure (Burch, 
1923); 7, via the corpus cavernosum, in moribund, arteriosclerotic, 
elderly patients; 8, intracardiac (Tzanck, 1922) in desperate cases. 

D, Clinical Indications. As has been indicated, with the simplifica- 
tion of the technical procedures involved in the transfusion of blood and 
with an increasing scientific understanding and control of the many 
factors associated with former untoward results, there have come an 
ever increasing number of clinical conditions in which transfusion is 
being used. The ready availability of numerous clinical reports makes 
only a very brief summary necessary to complete this review. 

Leisrink’s generalization of the indications for blood transfusion 
remains as true today as it was in 1872: “‘Transfusion is indicated in 
all those pathologic conditions where the blood, in quantity and quality, 
is so altered that it is unfit to fulfill its physiologic duties.” “If blood 
transfusion is looked on as a homologous transplantation of living tis- 
sue, as suggested by Hartwell (1914), the indications may be epitomized 
as being those which indicate the necessity of restoring the lost or 
impaired body tissue (blood) by a homologous transplant (Loeb, 1918). 
Definite effects of transfused blood are: 1, restoration of the bulk of 
the circulating fluid; 2, provision of oxygen and assimilable pabulum for 
tissues; 3, increase of the coagulability; 4, stimulation of the hematopoi- 
etic organs, and 5, increase of resistance to infection by its antitoxic and 
bactericidal properties’ (Pemberton, 1919). 

1. Severe hemorrhage—acute or chronic; traumatic, surgical, obstetri- 
cal, or medical; in the newborn; in the hemophilic—always presents the 
ideal indication, from infancy to senility, for a replacement of the lost 
fluid tissue of the body by the transfusion of new blood. Out of 36 cases 
of severe primary hemorrhage transfusion was life saving in 22 (Robert- 
son and Watson, 1917). Unger (1919), representative of many others, 
found that 85 per cent of the cases of acute hemorrhage could be stopped 
by one transfusion (Pemberton, 1919; Stegeman, 1923; Wildegans, 1925; 
Malda, 1925; Herr, 1925; Baldwin, 1925; Andler, 1926). In the hemor- 
rhagic diathesis of the newborn, in puerperal hemorrhage and in hemo- 
philia transfusion is a specific (Blundell, 1824; Unger, 1919, Koplik, 
1919; Leebron, 1923; Peterson, 1923; Feissly, 1925; Baldwin, 1925; 
Moritsch, 1926; Sloof, 1926; Reiche, 1926; Guenoit, 1926; Guiroy, 1926). 
Pupura seems refractory to this treatment in the hands of most clini- 
cians, except in so far as there may be a temporary increase of platelets 
equivalent to those injected (Unger, 1919; Koplik, 1919; Duke and 
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Stofer, 1923, Carlton, 1926, et al.). Shock, surgical or traumatic, 
particularly when accompanied or preceded by hemorrhage, notwith- 
standing the work of Bayliss (1922) and others on the use of gum acacia 
during the war, seems to be best treated by the early intelligent use of 
blood transfusion (Mann, 1919; Copher 1923; Carlton, 1926, et al.). 
Robertson (1923), Riehl (1925) and Carlton (1926) commend this 
treatment to combat toxemia and shock after burns and scalds, while 
Baldwin (1925) warns of its limitations. 

2. Secondary anemia. In those conditions in which a secondary blood 
condition complicates the picture of a pathology of known origin, and 
further jeopardizes the outcome seriously, transfusion is being found 
with increasing frequency to be a measure which may help to turn the 
balance in favor of the patient. Ravant and de Kerdiel (1917) report 
a case in point of chronic progressive anemia of eleven years’ duration 
with red cells under 2,000,000 and hemoglobin 13 per cent, and one 
month after one transfusion there were 3,400,000 red cells, hemoglobin 
45 per cent with restoration to activity of the patient. In premature 
and malnourished infants transfusion is suggested as a routine measure 
of special value (Leebron, 1923; Hess, 1924; Marriott, 1924; Reiche, 
1926; Guenoit, 1926; Sloof, 1926; Opitz, 1926, Morawitz, 1926). Asa 
pre-operative or post-operative measure, for stimulating healing by 
granulation and in multiple septic wounds, blood transfusion may be of 
the greatest assistance (Cullen, 1913; Crabtree, 1919; Lewisohn, 1922; 
Boyd, 1925; Baldwin, 1925; Leesberg, 1926; Schultheiss, 1926; Ward, 
1926, et al.). Baldwin (1925) circularized the surgeons of this country 
recently with a questionnaire on this subject and summarized their 
opinions as on the whole conservative in the use of transfusion, approval 
being reserved in general for conditions of profound shock, and acute 
anemia from hemorrhage post-operative, post-partum, ruptured ectopic 
pregnancy and in the newborn. The indications for transfusion in 
medical conditions with secondary anemia are well known (Ravant 
and de Kerdiel, 1917; Bernheim, 1917; Unger, 1919; Morrison, 1922; 
Weil, 1923; Duke and Stofer, 1923; Dutton, 1924; Jagic and Spengler, 
1926; Jeanneney, 1926; Stoll. 1926; David and Curtis, 1912, et al.). 
Bell (1920) advises transfusion in eclampsia. 

3. Sepsis. In chronic sepsis the opinion on the whole seems to be 
favorable to the use of transfusion in selected cases, largely because 
anemia is an almost constant accompaniment (Crabtree, 1919; Duke and 
Stofer, 1923; Stetson, 1924; Davis, Horsley, MeClure, Erdmann, Cabot, 
DaCosta, Mayo, quoted by Baldwin, 1925). Koplik (1919) and Polak 
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(1919) find in streptococcus septicemia, without heart involvement, an 
indication for repeated intensive transfusion treatment, and Stetson 
(1924) believes any patient with septicemia has at least an even chance 
of recovery if transfusion is employed, pneumonia and meningitis being 
escaped. However, in acute sepsis the weight of opinion is overwhelm- 
ingly against the use of transfusion, as being not only useless but even 
harmful (Unger, 1919; Lewisohn, 1923; Peterson, 1923; McClure, Erd- 
mann, Cabot, Deaver, DaCosta, Finney, Hoover, quoted by Baldwin, 
Carlton, 1926, Jeanneney, 1926). 

The generally unsatisfactory treatment for cases of septicemia has led 
to the trial of what is known as ‘immunotransfusion.” ‘Vaccinating 
transfusions” with the blood of recent convalescents in typhoid, measles 
and other conditions may have acted as the precedent for immunotrans- 
fusions (Ribadeau-Dumas and Brissand, 1918; Macnamara, 1926; Mce- 
Clure and Dunn, 1917, et al.). Among others, Fry (1920), Linser 
(1925) and Howell, Portis and Beverley (1926) report results with whole 
blood transfusions from specially immunized donors suggesting “a 
hopeful method” of treatment. Colebrook and Storer (1923) warn 
against the use of anticoagulants in these cases because of the reduc- 
tion of opsonic power in the plasma and the interference with the phago- 
cytie action of the white cells (see white cell compatibility, Doan, 
1926). Waldman-and Kahn (1926) report no success in one case of 
Stceptococcus viridans treated with blood from an immunized donor. 
There are obvious inherent difficulties in the securing of donors for this 
treatment and a much larger experience must prove its value. 

4. Primary blood diseases. In the leukemias and primary anemias 
transfusion at most has proven but a temporary palliative and in the 
hands of some clinicians it has seemed to shorten the fatal course of the 
disease (Bloomfield, 1918; Boweock, 1921; McClure, 1916; Giffin, 1917; 
Schaaf, 1919; Nather, 1926; Jones, 1926; Barker, 1926, et al.). How- 
ever, Schaaf (1919) reports a case of primary anemia transfused fifty- 
four times, receiving a total of 34,235 ee. of blood, forty-nine transfusions 
having been given before the inauguration of a remission lasting five 
months. Nather (1926), Boweock (1921) and Baldwin (1925) warn 
specifically of the dangers of repeated transfusions in primary anemia. 
Reist (1926) in reviewing the subject of so-called pernicious anemia of 
pregnancy attributes to blood transfusion occasional remissions (Gro- 
spierre, 1926). 

Autotransfusion. There are three general types of procedure which 
may be classified under this caption, autohemotherapy, exsanguination- 
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transfusion and the reinfusion of hemorrhagic blood from the serous 
cavities. In asthma, eczema, and other anaphylactic manifestations 
autohemotherapy has been reported to be of some help (Carranza and 
Orgaz, 1925; Lintvareff and Hamburg, 1926; Hirsch, 1926; Bakscht, 
1926; Duchamp, de Claret and Falgairolle, 1926) though this type of 
therapy needs much more scientifically controlled data before a judg- 
ment may be expressed. 

Thies (1914) was the first surgeon to advocate and use autotransfu- 
sion. After determining in several cases of ruptured ectopic pregnancy 
that the blood was always sterile bacteriologically and that the red cells 
were uniformly intact microscopically, no coagulation having occurred, 
Thies successfully revived three pulseless cases by reinjecting the blood 
from the abdominal cavity (Steiner, 1924). These test cases while 
signifying the largest field of usefulness for this procedure (Lichten- 
stein, 1915-19; Schaefer, 1916-19; Blechschmidt, 1919; Goder, 1922; 
Burch, 1923, et al.) have opened up a method of treatment for wounds 
of the spleen (Fieber, 1918; Kulenkampff, 1920; Peiser, 1917, Ranft, 
1917; Burch, 1923), liver (Kreuter, 1917; White, 1923, Lewen, 1918) 
and lungs, hemothorax (Elmendorf, 1917; Wederhake, 1917). It has 
long been noted that blood remained fluid an indefinite period in the 
thoracic or peritoneal cavities (Tuffier and Miliau, 1901; Policard 
and Desplas, 1916; Doleucourt and Paychéres, 1918; Albert, 1919; 
Gratia, 1919), but Rietz (1922) in experiments on dogs found the blood 
in the abdominal cavity incoagulable because of its rapid deviation into 
defibrinated blood. He warns therefore of the toxicity of blood in the 
serous cavities which may be bordering at the moment on coagulation 
(Schaefer, 1922; Grossmann, 1924). Blood from an infected field as 
a rectal drip has been used successfully by Schaefer (1918). 

Halsted (1884) was the first one in this country to try the withdrawal 
of blood from cases with carbon monoxide gas poisoning with “‘refusion.”’ 
He decided, however, as have Haskell, Hamilton and Henderson (1926) 
very recently with respect to mercuric chloride poisoning, that this 
treatment is injurious rather than beneficial. Robertson (1924) and 
Carlton (1926) in toxemias advise the withdrawal of blood equivalent 
to that injected. Grant (1921) reports the withdrawal on one day of 
500 cc. of blood into sodium citrate and its reinjection twenty-four hours 
later following suboccipital exploration. Gilbert, Tzanck and Negroin 
(1926) suggest a new and efficient technic for the operation of plasma- 
pharesis. These instances are suggestive for trial in selected cases. 

In retrospect and prospect,—while realizing the special indication of 
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acute or chronic hemorrhage for blood transfusion,—it is clear that in 
all other cases the measure is not in any sense curative and in many 
instances only palliative to a very limited degree. Though empirically 
indicated in certain pathological states at present, empiricism must 
eventually yield to the gradual acquisition by men of science of the 
causas operandi of the several conditions. The hope of the future lies 
in the determination of the etiological factors from within and from 
without tending to depress or over-stimulate the physical constitution, 
and with especial regard to the blood, those stimuli which operate pri- 
marily or secondarily on the hematopoietic mechanism in any or all of its 
many intricate phases. The work of the recent past and the present on 
the physiology of the blood and connective tissues gives real promise for 
the future in the way of a control of the blood which shall mean eventu- 
ally less and less dependence upon transfusion as a palliative measure. 
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ENERGY RELATIONS IN THE METABOLISM OF AUTO- 
TROPHIC BACTERIA . 


L. G. M. BAAS-BECKING anp G. 8. PARKS 


Stanford University, California 


The increase of stored-up energy in the cell in the form of organic 
chemical compounds may be brought about in two ways. The first 
way is taken by the majority of living cells and consists of transference 
of organic material as solution or emulsion and subsequent dehydration 
and storage. The organic material is taken in as food. One of the 
first great discoveries of modern biological science was the fact that 
green plants are able to transform radiant energy into chemical energy. 
A sharp antithesis became, therefore, apparent between green organ- 
isms and the rest of the living world,—an antithesis that remained in 
its original form until Sergius Winogradsky’s genius enabled him to 
grasp the wider significance of the autotrophic state. In a remarkable 
series of classical papers (1887-1891) he established a third group of 
organisms, a second group of autotrophonts. 

This group is, like green plants, not immediately dependent upon 
other living beings: inasmuch as the energy liberated by inorganic chemi- 
cal processes will serve them to raise thé energy potential of carbon dioxide 
and its dissociation products. 

Although a vast literature on the subject bears witness of abundant 
work in this field, modern bacteriology has paid very little attention 
to the autotrophic bacteria. To indicate the extent to which they 
have been overlooked we will quote in this connection from a recent 
paper of Kendall (p. 196) “they (bacteria) are devoid of chlorophyll 
or other photodynamic pigment . . . . (this) makes the bacteria 
dependent upon preformed, or organic food. . . . . This suggests 
that they are some distance removed phylogenetically from the prob- 
able primordial life, because the latter must have been independent of 
all substances of organic origin.” 

We will use the name autotrophic bacteria throughout. The term 
“chemosynthetie”’ as often applied is illogical because every organism 
displays the faculty of chemical synthesis (Kluyver, 1924). The term 
“anorgoxydant,’’ as proposed by Winogradsky (1922), while covering 
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most forms described up to this time is not sufficiently elastic to include 
other possible natural inorganic energy releases. 

Chlorophyll bearing organisms are capable, under certain conditions, 
of heterotrophic existence. We also know of facultative autotrophic 
bacteria. It is interesting to note in this connection that, while Wino- 
gradsky (1922) recognizes this fact, he still claims the toxicity of 
organic substance for his “‘anorgoxydant.”’ 

CLASSIFICATION. Instead of attempting to give an historical survey 
of the literature we will start with a preliminary classification of the 
autotrophic bacteria. 

The nomenclature of the autotrophic bacteria cannot be unified 
inasmuch as there are great differences, physiologically as well as 
morphologically, between the various groups. 

Thus, for example, the carbon monoxide autotrophont is an Actinomy- 
ces, we further meet with Spirilla, Tetrapediae, ete. 

Physiologically we meet with facultative heterotrophic life in the 
hydrogen-, carbon monoxide-, methane-, and thiosulfate bacteria. 
For the methane (and possibly the CO) bacteria, only one chemical 
reaction is of importance: The oxidation of the inorganic fuel, which 
also yields the COz for assimilation. For the nitrite and nitrate formers 
no respiration in the proper sense could be traced. Only two reactions, 
the fuel combustion and the assimilation, are of importance. For the 
hydrogen bacteria we have, moreover, a true respiration. The fuel 
reaction, the assimilatory and dissimilatory reaction represent the 
greatest chemical complexity in the autotrophic group (when we exclude 
the possibility of photosynthetic reactions). Beyerinck’s (1922) view 
according to which autotrophic bacteria are derived from heterotrophic 
forms (or vice versa) finds a support in the great number of the faculta- 
tive heterotrophonts. We shall refrain (as far as possible) from using 
generic or specific names.! 

We may divide the organisms suspected of autotrophicity into five 
groups 


Bacteria which oxidize hydrogen 

Bacteria which oxidize carbon (and compounds) 
Bacteria which oxidize nitrogen (and compounds) 
Bacteria which oxidize sulphur (and compounds) 
Bacteria which oxidize ferrous (or manganous) salts 


or 


1 Bergey’s Manual of Determinative Bacteriology cannot be used for the classi- 
fication of autotrophic bacteria. See Visser’t Hooft, 1925. 


METABOLISM OF AUTOTROPHIC BACTERIA 87 


No information exists on bacteria which derive their energy from 
changes in phosphorus compounds. 

1. Bacteria which oxidize hydrogen. In a natural environment the 
following processes have been actually observed: 


a. 2H, + O2 = 2 H20 

b. 5H: + 2 NO-; = N. + 4H,0 + 2 OH- 
C. H, + N.O = + 

d. 4H. + SO™, = + 4H,0 

e. 4H, + CO: = CH, + 2 H20 

bP H. + S = H.S? 


Under ¢ we might interpolate both nitrite and ammonia as end prod- 
ucts; under d, sulfite, thiosulphate, hydrosulphide, hydrogen sulphide 
and free sulphur; under e, carbon monoxide and free carbon. These 
reactions have not been observed or investigated. 

2. Bacteria which oxidize carbon and carbon compounds. 


a. C + Ov» = CO, 
b. 2CO + O2 = 2 CO, 
Cc. CH, + 20.2 = CO, + 2 H.O 


There are no investigations on the utilization of either nitrate, sulphate, 
CO, or 8 as reducible components. 
3. Bacteria which oxidize nitrogen compounds. 


a. NH,* 13 Os = +> H.O +2 
b. 2 + O2. = 2 NO;- 


The reactions ammonia to nitrogen, or nitrogen to nitri (a) te have 
not been observed thus far in autotrophic bacteria, see however Kas- 
serer (1906). 

. Bacteria which oxidize sulphur and sulphur compounds. 


a. 20H-+S84+13 = SO, + H.O 
b.58 + 6 HNO; + 2 CaCO; = 3 K.SO, + 2 CaSO, + 2 CO, + 3 N, 


We mention as possibilities: 


5 HS + 2 = 58S +N, +4H,0 + 2 OH- 
3 + SO = 48 + 2 + 2 OH- 

d.3 + 130. = + 2 NaSO, 

é. Na.S.O; + = NaoSO, + Ss 


2? No autotrophont known. 
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5. Bacteria which oxidize ferrous (or manganous) salts. 


a. 4 Fe CO; + O2 + 6 H.O = 4 Fe(OH); + 4 CO, 


The reactions given above are quoted from the literature. A more 
critical examination will follow below. It therefore appears that there 
are at least sixteen definite groups of bacteria known which are sus- 
pected to be autotrophic. The autotrophicity of nearly all of these 
groups has been, or still is, doubted. 

Winogradsky (1922) considers the iron bacteria as " the prototype. 
Eyehnpemane the nitrate and nitrite forms and the S-oxidizers. 

“gu der Gruppe miiszten auszer den oben genannten miglicherweise 
noch die Thiosulfatbakterien Nathansohn’s gerechnet werden. Ob 
die Mikroben, die angeblich Kohlenoxyd, resp. Methan, resp. Was- 
serstoff verarbeiten, auch dazu gehéren, musz einstweilen dahingestellt 
bleiben.” 

We will give reasons later in the paper to doubt the existence of iron 
bacteria. 

THERMODYNAMIC CONSIDERATIONS. 1. Free energy. In the past 
and to some extent even at present some chemists and biologists have 
stressed the importance of the heat of reaction and have even considered 
it as a criterion for determining the direction of a chemical reaction. 
In this latter point, however, they are not strictly correct. The factor 
which determines whether a given process will take place, or at least 
may take place spontaneously is not the heat evolved in the process 
but rather the free energy evolved; and, while these two quantities 
are closely related, they are by no means identical. 

The heat evolved in a process taking place at constant pressure and 
temperature, when no work is involved save that done by or upon 
the atmosphere, is —AH, in terms of the notation of Lewis and Ran- 
dall.* This is actually the heat of reaction as measured in a constant 
pressure calorimeter and represents the total amount of energy available 
in the process. On the other hand, the free energy decrease (— AF) 
is the maximum amount of useful work obtainable from the process at 


3 In all cases, unless otherwise stated, we shall use the notation, methods and 
free energy data contained in the treatise by Lewis and Randall: Thermody- 
namics, McGraw-Hill Book Co., New York (1923). For values for the heats of 
reaction we shall also rely upon this book as far as possible, although in cases 
where they do not furnish the desired data we shall have recourse to the Landolt- 
Boérnstein-Roth-Scheele ‘‘Tabellen”’ (1923). 


4 MnCO,; + O2 + 6 H.O = 4 Mn(OH); + 4 CO, 
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constant pressure and temperature. The two quantities, —AH and 
—AF, are related to one another by the following thermodynamic 
equation 


— AF = —AH + TAS 


where T is the absolute temperature and AS is the increase in entropy 
in the process. In a sense we might say that —AH represents the net 
or total energy decrease, —TAS represents the decrease in low grade 
energy (equivalent to heat and not convertible into work at constant 
temperature) and —AF, the decrease in high grade energy (equivalent 
to work) during the process. It is the last, —AF, which enables us to 
say whethtr a process may take place spontaneously or not. If —AF 
is positive or, in other words, if AF is negative, a process may take 
place spontaneously. If AF is zero, a state of equilibrium has already 
been attained. Finally if AF is positive, there must be an increase of 
free energy in the process and the process will only take place through 
the application of work, electrical energy, or some other form of free 
energy from outside sources. 

As a matter of fact, the TAS term in the preceding equation is fre- 
quently rather small and hence AH and AF are often approximately 
equal. However, this is not always true and numerous cases exist 
where AH and AF even have opposite signs; i.e., a reaction may proceed 
spontaneously and be accompanied by the absorption of appreciable 
quantities of heat. In the case of the combustion of graphitic carbon 
it happens that we have an instance of virtual equality between AF and 
AH, as the following data at 25°C. indicate: 


gas, gas, 
C + O» (1 atm.) = CO, (1 atm.) AF°s9s = —94,260 calories 
AHogs = —94,250 calories 


This is not true, however, for the combustion of methane at 25°C.; 
here the two quantities differ by 9 per cent. 


gas, gas, gas, 
CH, (1 atm.) + 2Q, (1 atm.) = CO, (1 atm.) + 2 H,O (liquid) 
AF°s9s = —194,600 calories’ AHo9s = —212,600 calories 


For glucose, using the free energy value of Parks and Kelley (1925), 
we obtain AF°s.9; = —685,800 calories for the process at 25°C.: 


gas, gas, 
C.H,.0¢ (solid) + 6 O, (1 atm.) = 6 CO, (1 atm.) + 6 H,O (liquid) 


As AH = —674,000, the difference is here 1.7 per cent. 


4 
j 
/ 
q 
| 
q 
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j 
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In the last case it should be noted that the oxygen and carbon dioxide 
are considered for a pressure of | atmosphere. If we consider the 
reverse process as it takes place under the working conditions of photo- 
synthesis, we should use oxygen and carbon dioxide at the pressures 
0.2 and 0.0003 atmosphere, respectively. We then obtain AF = 
+708,900 calories for the reaction at 25°C.: 


6 CO, (0.0003 atm.) + 6 H.O (liquid) = 6 O» (0.2 atm.) + CeH,20¢ (solid) 


Thus an alteration in the pressures of the gases taking part in the 
reaction changes appreciably the value of AF, although the AH changes 
but little. 

While considering this last reaction, we should mention the earlier 
work of Baron and Polanyi (1913) who caleulated AF = 763,400 calories 
for the reaction at 37°C.: 


gas, gas, gas, 
6 CO, (0.05 atm.) + 6 H.O (0.05 atm.) = (6 O» (0.2 atm.) + CeyH yO, (solid) 


However, on a careful review of their paper, it seems that their result 
should be rejected as unreliable. In the first place they utilized the 
Nernst approximation formula and the early values for the chemical 
constants involved, a rather doubtful procedure from our present dav 
viewpoint; and in the second place they used the heat of combustion 
for the reaction in which liquid water was produced, although they 
themselves were dealing with water vapor instead of the liquid. The 
recent calculation of Simon (1922) is without doubt more reliable, 
although he again uses the chemical constants. For 18°C. he finds 
AF = 727,000 calories for the reaction which we have considered at 
25°C., viz.: 
gas, gas, 
6CO, (0.0003 atm.) + 6 H.O (liquid) = 6 O» (0.2 atm.) + CyH i .O¢ (solid) 


The fact that AF for a spontaneous process must be negative pro- 
vides us with a test for the study of hypothetical reactions. Thus in 
a previous paper on the sulfur bacteria Baas-Becking (1925) suggested 
what was substantially the following reaction: 


2H*+2HS~+ CO, = CH,0 +25 + 


At that time no value for the free energy of formaldehyde was available 
and hence this mechanism seemed entirely reasonable. However, 
from an unpublished investigation we now know that the free energy 
of formation of this substance cannot be far from —33,000 calories. 
Hence, the AF for this reaction must be approximately +39,000 
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calories and we can now say definitely that the reaction will not take 
place spontaneously. Thus, while thermodynamics does not enable 
us to predict just what reaction takes place in this case, it does enable 
us to eliminate from our consideration a number of hypothetical reac- 
tions, which from other considerations would seem perfectly feasible. 

2. Standard states. For purposes of convenience Lewis and Randall 
and, in general, other workers who have applied thermodynamics to 
chemistry have adopted a certain standard state for each chemical 
substance. This practice serves the purposes of abbreviation by 
obviating the necessity of continually restating the form of the material 
and the conditions of temperature and pressure (and, in the case of 
solutions, of concentration) under which it exists. The standard state 
is ordinarily taken as that of the most usual or stable form of the sub- 
stance at 25°C. and 1 atmosphere. In the case of a “‘perfect’’ aqueous 
solution a concentration of 1 mole per 1000 grams of solvent is usually 
the standard. Thus, gaseous Os, liquid H.O and crystalline NaCl, all 
at a temperature of 25°C. and a pressure of 1 atmosphere, are ordinarily 
considered to be in their standard states. For a solution, such as H.S 
dissolved in water, the standard concentration would be 1 mole per 
1000 grams of solvent. 

In the present study, however, we are forced to deal continually 
with certain substances as they occur in nature, under very different 
conditions of pressure or concentration. Thus CQO, is ordinarily 
present in the air and available to plants at a pressure of 0.0003 at- 
mosphere and not at 1 atmosphere. Similarly HS in the case of the 
study on the sulfur bacteria was generally present in aqueous solution 
at a concentration of about 10~° instead of unity. Therefore, for 
the purposes of the present paper we shall adopt certain natural stand- 
ard states for a few of the substances involved and in these instances 
our standard states and free energies will differ from those employed 
by Lewis and Randall. These “natural” states and the corresponding 
free energies at 25°C. (298°K.) are as follows: 


SUBSTANCE AF 298 


Ne, gas at 0.8 atm. pressure 


—955 calories 


COs, gas at 0.0003 atm. pressure . =4 —99 060 calories 

H.CO;, dissolved in water in with: a CO: 

dissolved in water at 10-8 moles — 14,700 calories 


Fe**, at a concentration of 10~* moles per liter. ........ —27,200 calories 


Fe***, at a concentration of 107'2 moles per liter....... | —19,500 calories 
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3. Efficiency and Maxwell’s demon. A_ perfect machine should 
yield up in a process an amount of useful work equal to that which it 
receives; or if it utilizes a spontaneous reaction with a given free energy 
decrease, it can at the same time produce or store up substances involv- 
ing an equal free energy increase. This ratio, then, of the free energy 
increase of the products of a process to the free energy decrease in the 
spontaneous reaction utilized might be termed the ‘‘free energy effi- 
ciency’’ of the process. Fora perfect machine, one which is completely 
reversible, this ratio will be one. For an imaginary being, such as 
Maxwell’s demon, capable of defeating the second law of thermody- 
namics by bringing about a process involving a net decrease in entropy 
or a net increase in free energy, this ratio will be greater than one. 
For all practical machines, carrying on actual processes in a finite 
period of time, it has so far been found to be much less than one or, in 
terms of percentage, less than 100 per cent. 

Physicists, physico-chemists and chemists have, as a rule, strong 
vitalistie convictions. Maxwell’s demon, the guiding agency of the 
molecules, is a clear expression of this vitalistic background. Helm- 
holtz has recognized this and in his “‘Thermodynamik chemischer 
Vorgiinge”’ he raised the question, whether microérganisms may not 
possess the faculty of choice which characterizes the demon. Sir W. 
Thomson (the later Lord Kelvin) had already stated in his Dynamical 
Theory of Heat (Proc. Roy. Soc. 1852): 

“Tt is impossible by means of inanimate* agencies to derive mechani- 
cal effect from any portion of matter by cooling it below the temperature 
of the coldest of surrounding objects.”’ 

Lewis and Randall take up Helmholtz’ idea and say that it is ‘‘con- 
ceivable that systems might be found in which these microérganisms 
would produce chemical reactions where the entropy of the whole 
system, including the substances of the organisms themselves, would 
diminish. Such systems have not as yet been discovered, but it would 
be dogmatic to assert that they do not exist”’ (p. 121). ‘It seems by 
no means outside the realm of probability that changes which are 
associated with a total decrease of entropy may sometimes occur in 
living things” (p. 122). 

This is all grist for the mill of the vitalist. Hans Driesch for instance 
exclaims: ““Maxwell’s Argument ruht auf einer Fiktion und behauptet 
nicht dass das Leben irgend einem energetischen Gesetze widerspreche. 


4 The Italics are ours. 
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Aber es ist deshalb fiir uns wichtig, da jetzt auf Grund wnserer analy- 
tischen Erérterung, das vom ihm fingierte als wirklich erscheint. Es 
gibt seine ‘Dimonen.’ Wir selbst sind sie.’ (Philosophie des Organis- 
chen, Vol. IT. 202.) 

Guye (1925), however, characterizes the Maxwell-Helmholtz con- 
tention as a “very bold and gratuitous hypothesis, but one which is 
interesting to recall in the presence of the insoluble mysteries of life. 
Instead of proofs it has the fortune to be supported by the high scientific 
authority of Helmholtz” (p. 103). In the present study we shall test 
this hypothesis by calculating the free energy efficiencies for several 
forms of autotrophic bacteria. In no case shall we find an efficiency 
even approaching 100 per cent. Thus these bacteria are far from being 
Maxwellian demons. 

APPLICATION OF THERMODYNAMICS UPON THE PROCESSES INVOLVED. 
1. Hydrogen bacteria. Discovered by Kasserer (1906) studied by 
Nikitinsky (1906), Nabokitch (1907), Niklevski (1908-10), Lebedev 
(1910), Grohmann (1924) and Ruhland (1924). The reactions known 
with their free energy changes follow: 


H, a 30> = H,O; AF o98 = — 56,000 eal. 

_ H. +2 NO;- = No +4 H.O +2 OH- (10-7) AF 298 = 5(—53,500) 
H, + N.O = Nz + H,2O (no free energy data available) 

H, + 1 SOs = 1 + AF 29 = — 6,600 cal. 

e. He + } (1 atm.) = CH4 + 3 H2O AF 293 = —7,900 cal. 

f. He +S = HS, aq. AF293 = —14,700 cal. 


Rass 


No autotrophic organism f is known; b, d and e have been cultured but 
are very little studied. All classes are probably facultative hetero- 
trophonts; c has been cultured by Beyerinck and Minkman (1910), 
who find that nitrous oxide is one of the chief substances formed during 
denitrification. The only quantitative data are available on bacteria 
of class a in the excellent paper by Ruhland (1924). He found that 
the hydrogen oxidizers have a distinct respiratory activity, which seems 
to put these forms in another class from the nitrifying autotrophonts. 

Under optimal conditions Ruhland (l.c.) found that in order to 
assimilate 1 ec. of CO2 8 ee. of hydrogen had to be oxidized. 

The free energy efficiency of the process is therefore: 


118.1005 


8 x 56.000 xX 100% = 26.4% 


(Ruhland gives 20 per cent.) 


5 See values for glucose formation in the preceding section. 
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2. Carbon bacteria. 1. Methane bacteria. Autotrophonts deriving 
their energy from the following reactions are known to exist 


CH, + 2 O» (1 atm.) = CO, (1 atm.) ao 2 H.O, AF 295 = — 195,000 eal. 


(Séhngen, (1906); Miinz, (1915)). 

The organisms concerned are facultative heterotrophic (Miinz, l.c.). 

We are still insufficiently informed about the gas exchange of these 
organisms; from Miinz’s data it appears that the metabolism is similar 
to that of Ruhland’s hydrogen bacteria. 

An attempt will be made to calculate the lowest and highest free 
energy efficiency from Sdéhngen’s data. 

In experiment I (102 ec. culture fluid) 225 ec. CH. was used; 99 ce. 
CO, formed. 

In experiment II (108 ec. culture fluid) 161 ec. CH. was used; 90.8 
ec. CO. formed. 

For the oxidation of 1 mole CH 293 = — 195,000 eal.; reduction 
of 1 mole CO, to glucose requires 118,000 cal., increase in free energy. 

Assuming that no CO, is bound by the solution outside the bacteria 
(maximal efficiency) we get 


Experiment I. 225 ec. CH, for 126 ec. CO» assimilated 
Experiment II. 161 ec. CH, for 70.2 ec. CO, assimilated 


Maximal free energy efficiency 


Experiment I. 195,000 555 33.8% 
29.7°> average 
118,000 70.2 
Experiment II. 195, x 61 0.9% 


(Compare hydrogen bacteria) 


The minimal efficiency was obtained from the permanganate values 
(see also Miinz, p. 18): 


Experiment I. One hundred cubic centimeters solution required 48.3 ec. 0.1N 
KMnO,. One cubic centimeter corresponds to 0.3 mgm. of carbon. Total 
liquid = 102 ec., 48.3 ec. 0.1N KMnQ, is equivalent to 12.7 mgm. C. 

Experiment II. One hundred cubic centimeters solution required 25.8 ec. 0.1N 
KMnO,. Total liquid = 108 ee. Equivalent to 8.4 mgm. C. 1 mgm. C requires 
9.846 calories to be synthesized. I required per 12.7 mgm. 12.5 calories 

225 ec. CH, yield 1950 calories. Efficiency = 0.6 per cent 

II required per 8.4mgm. 8.3 calories 0.6 per cent average 

161 ee. CH, yield 1400 calories. Efficiency = 0.6 per cent. 
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(Miinz, l.c., found for optimum condition 0.9 atm. CH, and 0.1 atm. 
Os; CO produced at 1 atm. In that case AF23 = —191,800 calories, 
not enough difference to influence the results materially.) 

2. Carbon monoxide organism. Lantsch (1922) has confirmed Beyer- 
inck’s (1904) observations on the organism (1922) which lives on CO, 
which proves to be an Actinomyces. In the absence of organic matter 
this form is able to live on carbon monoxide. 


CO + 302 = COs, AF 29s = —66,000 cal. 


The organism is also able to live on formaldehyde, acetic acid and 
methyl alcohol as a source of carbon. On the latter media the form 
has a coccoid habit; on CO or formic acid the true Actinomyces form 
is revealed. 

It is possible that CO first interacts with water to form HCOOH 
before the organism will assimilate it. No yield data are available. 
Lantzsch (l.c., p. 315) states rather carefully, ‘“‘niihere Angaben iiber 
die Aufname des CO kann ich nicht machen; ob nun CO direkt dem 
Eiweisz-molekiil eingefiigt wird, was das Wahrscheinlichste ist, oder 
noch als Energiequelle benutzt wird, vermag ich nicht zu entscheiden. 

3. “Nitrogen” bacteria. a. Nitrogen fixation, whether through soil 
bacteria or root nodule bacteria, seems to be accompanied in all cases 
by heterotrophic life. Inasmuch as this process has been studied 
thermodynamically by Linhart (1920) it might be well to dwell briefly 
upon the free energy efficiency of these processes. 

Christiansen-Weniger (1923) has given us a comparison between the 
efficiency of the commercial N fixation and N fixation in the soil. 

The formation of nitric oxide in the electric are at 4200°C. requires 
68 kilowatt hours per kilogram nitrogen. Theoretically it should 
require 33.68 K.W.H. The efficiency is, therefore, about.50 per cent. 

The Haber process is more efficient than this; also the cyanamid 
process, which requires about 48.5 K. W. H. per kilogram of nitrogen, 
which corresponds to an efficiency of 71 per cent. 

Now, for soil bacteria, it has been found (Christiansen Weniger, 1.7.) 
that an amount of energy corresponding to about 460 K. W. H. is 
necessary to fix 1 kilogram of nitrogen. This is ten times the amount 
necessary for the technical process, giving an efficiency (AH) of around 
7 per cent. 

Linhart (l.c.) calculates the free energy efficiency of Azotobacter as 
about 1 per cent. 

b. Nitrification. The autotrophonts belonging to this group, the 


q 
7 
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nitroso and nitro bacteria, have been originally described by Wino- 

gradsky (1890-91). Recently they have been reconsidered from a 

modern point of view by Meyerhof (1916) in a series of classical papers. 
The reactions which concern us here are 


NH,* + O2 = NO.~ + H,0 +2 H* (107); AF —66,500 cal. 
+ = NO;7; AF x93 = — 17,500 cal. 


The free energy changes are calculated from Meyerhof’s data on 
optimal conditions: 


[NH,*] = 0.005 M, [H*}] = 10-8 and for the nitro forms 
= 0.03 M. 


Meyerhof (11, p. 383) uses 


for the nitroso AH = —79,000 calories 
for the nitro forms AH = —21,600 calories 


with an uncertainty of 2 per cent. 

The free energy efficiency of the nitrate forms may be calculated 
from Meyerhof’s data. In his best cultures this author found the 
quotient N:C (nitrogen oxidized divided by carbon assimilated) to 
be about 100. Winogradsky (1890) had given for the nitrite forms 
N:C = 35. In his book, Chemical Dynamics of Life Phaenomena 
(1924), Meyerhof calculates the efficiency of both nitroso and nitro 


bacteria to be 6 per cent. 

14 118,000 
For the nitro bacteria there must be used 2 x 700 calories = 
1,376 cals. per mol. oxidized nitrite for the assimilation. Since the 
free energy change amounts to — 17,500 calories, the 1,376 cals. corre- 
spond to 7.9 per cent of thisenergy. For the nitrite formation we get 


an efficiency of 


4 66,500 = 5.9 per cent 


Meyerhof, in the monograph mentioned above (p. 92) paraphrases 
some of his work (1916, 1, p. 425) as follows: ‘By direct calorimetry 
I found indeed as the average of a series of experiments 20,400 cals. 
per mol. of formed nitrate, 7.e., about 5 per cent less than corresponds 
to the heat of reaction. Although these heat measurements cannot 
be sufficiently accurate to determine from them the quantitative 
amount of the assimilated carbon the results found directly have been 
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thereby confirmed. They prove at least that no other processes of ener- 
getic importance occur in this case.” 

Kluyver and Donker (1926) call the attention to the fact that the 
nitrifiers are unable to persist in an organic medium. They account 
for this property as follows: 

The organic substances which are easily attacked by living proto- 
plasm contain hydrogen that may be very readily activated. The 
extremely “oxidative” nitrifiers will therefore dehydrogenate organic 
material with great intensity. The hydrogen becomes too solidly 
united with the protoplasm to be transferred. The transference of 
the hydrogen atoms from the ammonia is thereby inhibited. 

c. Denitrification. All denitrifiers are heterotrophic, except certain 
sulfur bacteria. The bacteria that reduce nitrous oxide in the presence 
of hydrogen (Beyerinck and Minkman, 1910) have been treated under 
hydrogen bacteria. 

4. Sulfur bacteria. There are two main groups to be considered: 

I. The first group derives its energy from reactions in which H.S 
is changed into sulfur, or the sulfur is oxidized to sulfate. 

II. The second group derives its energy from the oxidation of thio- 
sulfate (an organism intermediate between I and II is described by 
Beyerinck, 1920). 

Organisms of the first group fall again in two main classes: I. A, 
those that start with the oxidation of H.S; I. B, those that live prima- 
rily on free sulfur. 

Group I. A has been classified as follows (Baas-Becking, 1925): 


a. Bacteria with intercellular sulfur {colored forms 
\colorless forms 
b. Bacteria with extracellular sulfur. 


In group I. B. we find forms which oxidize the sulfur aerobically 
(Waksman, 1922, or b), forms that obtain the necessary oxygen from 
nitrate (Beyerinck, 1920). 

In group II we may mention: 

II. A. Forms that oxidize the thiosulfate’ to tetrathionate and 
sulfate (Nathansohn, 1902) or to sulfate alone (Beyerinck, 1920). 

II. B. Facultative anaerobes (nitrate reducers) of the same type 
(Lieske, 1912; Trautwein, 1921; Beyerinck, 1920). 

6 The thiosulfate is not solely a ‘‘laboratory food’”’ as pointed out to me by 
Dr. L. Rosenstein. In natural black mud this chemist has been able to detect 
the presence of appreciable quantities of thiosulfate (private communication). 
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Some representatives of the nitrate reducing sulphur or thiosulphate 
oxidizers are facultative heterotrophic. 

Group I. The energy relations of these organisms are still obscure. 
It is difficult to see how, in an utterly anaerobic environment of black 
mud the original reaction as proposed by Winogradsky (1887). 


aq +40. = H,O+S5S 


can take place (Bavendamm, 1924; Baas-Becking, 1925). 

A straight dehydrogenation of H.S goes parallel with an increase in 
free energy level and is therefore excluded. 

A dehydrogenation of one of the dissociation products of H.S, such 
as SH-, which is present in higher concentrations than HS at the pH of 
natural waters in which the bacteria occur (7.6-8.6) seemed to be 
more probable (Baas-Becking, 1925). 

However this dehydrogenation would influence the undissociated 
H.S and inasmuch the sum of free energies of the dissociation products 
equals that of HS, the reasoning as outlined by Baas-Becking has 
therefore to be abandoned. 

Moreover it has to be granted that in the case of the colorless endo- 
sulfur forms we have met instances (and other instances are recorded 
in the literature) where certain forms are present in aerobic conditions. 


Kluyver and Donker (1926) already pointed out the fact that while 
the reaction 


HS ag = S+ He 
may involve an increase in free energy we only need a reaction 
H.S + acceptor = 8S + He acceptor 


which goes with a diminution of the free energy. 

Following this lead we have therefore tried to calculate the free 
energy changes in H.S dehydrogenation with various inorganic accep- 
tors. Organic acceptors would not fulfill the requirement inasmuch 


as the hydrogenated acceptor would have a higher free energy level 
than the oxidized acceptor. 


1. Oxygen as hydrogen acceptor 


H2S aq + 4 O2 = HO + 8; A Foes = —41,500 calories 


This condition may pertain in the case of true aerobic sulfur bacteria. 


METABOLISM OF AUTOTROPHIC BACTERIA 99 


2. Ferric ion as H acceptor 


aq + 2 Fet*+*+ = 2 (10-8); 
AF 29s = —21,800 calories 


8. Nitrate ion as H acceptor 


5 HS + 2 NO;- = Nz. +58+4H.0+ 2 OH- (10) 
AF 298 = — 191,000 calories 


Cases 2 and 3 are only possible where ferric ion or nitrate can persist. 
This is doubtful for nitrate in the case of black mud media in which 
the iron is present in the ferrous state (FeS)z (H,0O),. It is impossible 


for the ferric ion to persist in such media. Cases 2 and 3 express a 
similar biological condition as case 1. 


4. SOs-~ as H acceptor 


3 + 2 H* (10-*) + SO,-- = + 4 
AFo9s = +16,200 calories. 


This reaction involves an increase in free energy. However, the reac- 
tion will go in strongly acid solutions. As certain organisms are now 
known that are able to withstand high acidities, it would be interesting 
to consider this reaction in relation to the mechanism of sulfate reduc- 
tion (desulfuration) which until now has been thought to be a pre- 


rogative of heterotrophonts (Beyerinck, 1895; van Delden, 1904; 
Elion, 1924). 


3 HS + 2 Ht + SO.-- = S + 4 H20; AFo9s = —5640 calories 


5. CO. as H acceptor. This case is realized in photosynthesis where 
H,O may be considered as the substrate, and protoplasm as the cataly- 
zer. The reaction requires a raise of the free energy level 


6 CO, 6 H.O (1) = 6 AF = +708,900 calories 


Kluyver and Donker (Lc. p. 175) pointed out that inasmuch as the 
colored sulfur bacteria need radiant energy there is nothing in the way 
to assume a similar photosynthetic reaction to take place. 


This remark has led us to write as a tentative equation for the 
photosynthetic process.’ 


6 CO, 12 H.S*= + 6 H.O 12 8; AF 298 = +212,000 calories 


7 Later confirmed by Dr. A. J. Kluyver in a written communication. 
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As pointed out by Kluyver and Donker, no oxygen is developed in 
this process. If this equation were true, less than one-third of the 
radiant energy is required by the purple bacterium than by the green 
plant to synthesize an equal quantity of glucose. 

The search for a hydrogen acceptor, such as desired by Kluyver and 
Donker (l.c.) has therefore yielded the following result: oxygen, nitrate 
ion and ferric ion are thermodynamically possible as hydrogen acceptors. 
Under natural conditions of acidity sulfate reduction in the presence 
of H.S cannot be considered as a source of energy for the sulfur bacteria. 

Reduction of CO. may very well take place in the light (colored 
forms require radiant energy). Any organic intracellular hydrogen 
acceptor is excluded on thermodynamic grounds. J/n the case of the 
purple sulfur bacteria we are therefore driven to the conclusion that they 
probably are photosynthetic autotrophonts. 

The entire group of sulfur bacteria described above is able to oxidize 
sulfur to sulfate. This is also the case with the sulfur bacteria described 
by Waksman (1922, 1923). 


S + 14 O. + H.O (1) = H.SO, (1 mol.) 
(0.2 atm.) A Fo9s = —118,500 calories 


Beyerinck (1) has pointed out the existence of denitrifying sulfur 
bacteria 


6 KNO; + 58 2 CaCO; 3= K.SO, 2 CaSO, 2 CO, 2 Ne 


The AF 29s of this reaction could be approximated to be in the neighbor- 
hood of —660,000 calories. 

It has been pointed out (Baas-Becking, 1925) that several representa- 
tives of the sulfur bacteria, especially the purple forms, possess an 
active catalase. The reduction of hydrogen peroxide by an organism 
has been used by various authors (Kluyver, 1924a) as a criterion for 
aerobic existence.® The assumed photosynthetic activity of the purple 
sulfur bacteria and the aerobic existence of the colorless sulfur bacteria 
are in harmony with this finding. 

Nathansohn’s (1902) thiosulfate organism and its allies have rather 
large energy quantities at their disposal, as the following equation 
shows 

3 + 5 O2 = 2 + AF o9s (approx.) 
(0.2 atm.) — 260,000 calories 


8 We owe this suggestion to Professor 8. W. Young. 
® James M. Sherman (1926) however states that certain strictly anaerobic 
propionic acid bacteria possess catalase. 
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On the free energy efficiency (see above) of these forms very little 
data are available. Winogradsky mentions that 32 grams of sulfur 
have to be oxidized to synthesize one part of carbon.!® 

Taking the reaction 


6 CO, ob 6 H.O = CsH120¢ + 6 O2; AF 298 = +708,900 calories 
(3.10~4 atm.) (0.2 atm.) 


as a basis, it would require one sixth of this amount, or 118,150 calories 
to reduce a mole or 12 grams of carbon 


+ 1} Oz + H,0 (1) = HSO, (molar); AF 2938 = — 118,500 
(0.2 atm.) 


The energy release per mole or 32 grams of sulfur. The free energy 
efficiency is therefore: 


118,150 x 12 * 100% = 8.3% 


For the denitrifying organism of Beyerinck (1920) we possess the 
following data: per gram of oxidized sulfur .013 gram of organic car- 
bon were formed. Beyerinck states (p. 283) that “this quantity, 
however, must certainly be doubled, for at the extraction of the chalk 
and the sulfur at least half of the weight of the bacterial substance is 
lost. I therefore estimate the production of organic carbon in relation 
to the sulfur oxidized at 2 per cent in weight.’’ According to this 50 
parts of S were required to form 1 part of organic carbon. The reaction 


6 KNO; + 55S 2 CaCO, = 3 K.SO, 2 CaSO, 2 CO, 2 N23 
AF 29s = —660,000 calories (approx.) 


would liberate this energy from 5 X 32 = 160 grams of sulfur; 50 
grams would liberate 206,250 calories. One gram of carbon requires 
9,846 calories. The free energy efficiency of this reaction, therefore, 
seems to be in the neighborhood of 5 per cent. 

Lieske (1912) investigated a similar anaerobic denitrifier as used by 
Beyerinck; which organism is able to use thiosulfate according to: 


5NaS.0; KNO; 2 NaHCO; = 6 NaSO, 4 K.SO, 4 No + H.O 


10The highest efficiency of Thiobacillus thiooxidans approaches this amount 
(Starkey, 1925). 
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' The free energy change of this reaction is approximately 


A = —893,000 calories 


Lieske found a requirement of 1 gram thiosulfate for 10.9 milligrams of 
carbon assimilated 


5 X 158 = 790 grams Na2S,Q; liberate +893,000 calories 
1 gram Na.S,O; liberates 1130 calories 
1 gram carbon requires 9846 calories (see above) 
10.9 mgm. requires 108 calories 


The free energy efficiency is therefore a = about 9 per cent. 


5. Iron organisms (contains unpublished data). Iron organisms 
were first described as autotrophonts by Winogradsky (1888). Lieske 
(1911) found that Spirophyllum ferrugineum showed in 3 weeks a net 
gain of about 3 mgm. organic carbon. The iron was added in the form 
of filings (0.2175 gram). No quantitative data on the oxidized iron 
are given by Lieske. It is therefore impossible to calculate the effi- 
ciency of the process. The carbon gain is very low, which fact may be 
interpreted in the light of the investigations of Cholodny (1926), 
Molisch (1925), and one of us (Baas-Becking, in collaboration with 
William Meehan). The so-called Spirophyllum and Gallionella both 
are exceedingly small microbes (0.5 1 — 0.8 long). These and similar 
organisms are nothing but excretion products of the terminal organism 
which is probably a flagellate infusorium closely allied to well known 
Protozoa, such as Anthophysa, Phalansterium and Rhipidodendron 
(Kent, 1888; Biitschli, 1883). 

Winogradsky (1922) has recently pointed out that the term iron 
bacteria should be reserved for the true ‘‘anorgoxydants.”’ This at 
once excludes the saprophytic forms (Molisch, 1910) and also the third 
spurious group of “iron organisms”’ described by Harder (1919), Molisch 
(1925) and Mudge (1926). If ferrous ammonium citrate solution be 
infected with soil or water, a precipitate of ferric hydroxide will form. 
This, however, has nothing to do whatsoever with specific bacterial 
activity inasmuch as the iron in the compound is left alone by the 
bacteria. The citrate is consumed, the acidity decreases until the 
solubility limit of the ferric ion is transgressed. The Fe*+++ precipitates 
automatically above pH = 5. The ferrous iron follows at pH of 
about 6 (see also Atkins, 1923). The natural environment of the 
iron organisms, such as (Gallionella, may be fairly alkaline. Laboratory 
cultures were successful up to pH = 9! 
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Here less than 1 part of Fe++ per 5,000,000 water was present’ in 
solution. We found, moreover, that the presence of the “bacteria” 
does not accelerate the oxidation of the iron as established by weighing 
infected and sterile cultures. 

There is no proof that Lieske’s cultures were free of autotrophic 
bacteria (other than iron bacteria) inasmuch as his control transfers 
were made on organic media. 

The matters outlined above will be published in a separate paper: 

The reaction which should yield the necessary energy is the following: 


4 FeCO; + O2 + 6 HO = 4 Fe(OH); + 4 CO; 


The AH for the process was calculated from Landolt-Bérnstein’s “Ta- 
bellen” (Ed. Y. p. 652). The solubility of the carbonate at 25°C. is 
about 10~° (Smith, 1918). The solubility of the hydroxide at 18° is 
4.8 x 10-° (Miiller, 1908). Bicarbonate is not present under the 
natural conditions of acidity. The AF of the above reaction is, there- 
fore (with fairly great uncertainty) —81,000 calories. (The AH 
about —40,000 calories.) If there were autotrophic iron bacteria 
of a free energy efficiency of about 5 per cent (average value) it should 
require about 224 grams of ferrous iron, or 360 grams of ferric hydroxide 
formed to synthesize } gram of organic carbon. 

Lieske’s 3 mgm. carbon gain would correspond in that case to the 
formation of more than 2 grams of hydroxide; a probable value when 
we observe the enormous masses of hydroxide actually formed. 

Only careful experimentation will settle the question whether actual 
iron bacteria do exist. The evidence brought forward up to this time 
seems to us insufficient. 


SUMMARY 


Warburg (1923) and Wurmser (1925) have claimed efficiencies in 
the neighborhood of 80 per cent for photosynthesis. 

Chemical reactions taking place within time periods which render 
them unimportant from the practical, industrial viewpoint have an 
even greater efficiency. Thus Vinal (1924) cites an instance of 98 per 
cent efficiency in the case of a lead storage cell which was charged and 
discharged within an interval of »'5 second. The familiar cadmium 
standard cell would probably come even closer to 100 per cent efficiency 
if slowly charged and discharged, as it is almost perfectly reversible. 

As mentioned already the calcium cyanamid formation from nitrogen 
is more than 70 per cent efficient (Christiansen-Weniger, l.c.). 
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_ The bacteria studied have far lower efficiencies. The data obtained, 
scanty as they are, will be given in table form. 


REACTION AUTHOR 
per cent 

H. 302 = H.O Ruhland 1924 26.4 
CH, 202 = CO, + 2H.0 Séhngen 1906 0.6-29.6 (limits) 
NH,* + 1402. = NO.- + H.O + 2H*..) Meyerhof 1916 7.9 
NOs + 40: = NO;-................. Meyerhof 1916 5.9 
S+1}0.+ H.O = H.SO,...........| Winogradsky 1881 8.3 
6KNO; + 5S + 2CaCO; = 3K.S0, Starkey 1925 

2CaSO, + 2CO2 + 2Nz.............. Beyerinck 1920 5.0 
SKNO, 2NaHCO, = 

6 Na SO, + 4K.SO, 4N 2 + 

Lieske 1912 | 9.0 


The hydrogen bacteria seem to occupy a separate place as far as 
free energy efficiency is concerned. It is possible that energetic proc- 
esses Other than hydrogen oxidation and CQ, assimilation are here 
taking place. The data on the methane organisms are too inaccurate 
to be used. 

For nitrifiers and sulfur bacteria we find a free energy efficiency 
which varies between 5 per cent and 9 per cent (average 7.2 per cent). 
The value of Linhart (1920) for nitrogen fixation (1 per cent) seems too 
low, inasmuch as 7 per cent seems to be the value for the same process 
in mass cultures. 

The preceding literature study has yielded the following results: 

1. A limited number of inorganic geochemical reactions are thermo- 
dynamically possible. Only a small percentage of this number has been 
studied from a microbiological viewpoint, suggesting a large number of 
possible reactions to be investigated. 

2. There are reasons to assume that green plants do not have the 
monopoly of photosynthesis. 

3. The existence of iron bacteria is by no means proven. 

4. The bacteria investigated thus far have nothing in common with 
Maxwell’s demon. 
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THE CHEMICAL NATURE OF IMMUNE SUBSTANCES 


MICHAEL HEIDELBERGER 
Hospital of the Rockefeller Institute for Medical Research, New York 


Immunology, one of the youngest of the biological sciences, has 
expanded with such rapidity and developed with such intricacy and 
complexity that an understanding of its chemical basis has lagged 
far behind. Structural organic chemistry, colloid. chemistry and 
physical chemistry have been freely drawn upon and much data have 
been accumulated on the chemical, physical and immunological behavior 
of the substances concerned in the phenomena of immunity. The 
interpretation of these data is often rendered difficult by the necessarily 
imperfect methods of isolation of the complex and labile substances 
involved; hence there is relatively little known of the actual chemical 
nature of the material with which the immunologist must work. 

The chemical basis of immunity has been so adequately presented in 
Professor Wells’ splendid monograph (1) that it would be futile for 
the writer to attempt a repetition of this task. He would like, how- 
ever, to present a summary of such knowledge as is available in the 
narrower field of the actual chemical nature of immune substances, 
freely acknowledging his indebtedness to Professor Wells’ book, and 
attempting chiefly to cover such advances as have been made since 
it was written. 

Present methods of organic and biological chemistry are such that 
the separation of a highly active specific substance from generally 
larger amounts of inert accompanying impurities is an exceedingly 
difficult matter, and is only possible of realization under particularly 
favorable conditions of stability on the part of the specific material. 
For this reason a more detailed treatment is given to the section on 
Carbohydrates than to those on Proteins and Lipoids. It is felt that 
on the score of thermostability, inertness to the comparatively brutal 
reagents often necessary, and a sharply defined specificity which remains 
qualitatively the same before and after purification, the carbohydrates 
with immunologically specific properties offer perhaps the best avail- 
able material for the acquisition of definite knowledge as to the chemi- 
cal basis of specificity. 

Even in this group it is necessary to proceed with extreme caution, 
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since the substances isolated are amorphous, of high molecular weight, 
and devoid of the criteria which would stamp them beyond a doubt 
as pure substances. This is even more forcibly the case in the protein 
group, with, for example, toxins and antibodies, and in the last analysis 
the reviewer of this field must deal with trends and tendencies, rather 
than with completely established proofs. 

In a treatment of the subject such as this many papers of immuno- 
logical interest will necessarily be omitted and only those chosen for 
discussion which contribute in as reasonably clear-cut a fashion as 
_ possible to a broader understanding of the true chemical nature of 
immune substances. 

I. PROTEINS AND PROTEIN DERIVATIVES. A. General. Protein chem- 
istry is at present in a period of transition, and there is a tendency to 
ascribe increasing importance to diketopiperazine (2), oxazoline (3), 
and possibly even pyrrole ring (4) structures as components of the 
complex protein molecule, rather than to assume a straight-chain 
polypeptide skeleton, as Emil Fischer did. This newer conception is 
already being reflected in immunochemical work, and will be discussed 
under the head of toxins. 

In the light of recent work it still seems quite evident that highly 
purified proteins may function as antigens. Convincing evidence 
has been offered that this is also true in the case of oxyhemo- 
globin (5), hitherto the most doubtful antigen of the more easily acces- 
sible crystalline and recrystallizable proteins. 

Likewise it still seems clear that the presence of protein or the higher 
protein degradation products is necessary in order for a substance to 
function as an antigen. It would appear, also, that the antigenic 
properties of a protein may be profoundly modified, not only by chemi- 
cal reaction (as in Landsteiner’s classic work), but also in the native 
state by combination with a lipoid or with a carbohydrate, so that 
changes in specificity are not always to be traced to changes, subtle 
or otherwise, in the protein molecule itself. This will become evident 
in subsequent discussions. 

Little can be said as to the actual groupings in the complex protein 
molecule which determine specificity. Landsteiner has found that 
among the azoproteins the most sharply defined specificity and least 
overlapping are shown by those in which the diazotized aromatic 
component possesses an acid group, such as in the aminobenzoic acids, 
sulfanilic acid and arsanilic acid. On the basis of this work and the 
finding of fatty acids in the specific portion of the heterogenetic antigen 
and sugar acids in the polysaccharides discussed below, Landsteiner 
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ascribes especial significance to acid groups in the determination of 
specificity (6). 

B. Bacterial toxins. Recent work has tended to confirm the belief 
that the bacterial toxins belong among the higher protein degradation 
products. Dernby’s studies of diphtheria toxin production and de- 
struction (7) led him to the view that the toxin is not a lipoid, since 
it is rapidly destroyed by proteolytic enzymes, and that it originates 
through the action of the proteolytic enzymes of the bacillus on the 
organism itself and even on the primary proteoses of the medium, the 
proteolysis ultimately continuing until the toxin is destroyed. Watson 
and Langstaff (8), who applied Watson and Wallace’s modifica- 
tion (9) of Glenny and Walpole’s acetic acid precipitation method (10) 
to formaldehyde-treated diphtheria toxin, found this to be very stable 
on reprecipitation and dialysis. The purified toxoid reacted as a 
proteose and contained sulfur. 

Huntoon (11) has found that in the purification of scarlatinal toxin 
addition of 1 per cent of acetic acid and 60 per cent saturation with 
ammonium sulfate give rise to a voluminous precipitate which carries 
very little toxin. After removal of this ‘globulin’ fraction a further 
precipitate is formed between 70 to 75 per cent saturation. This 
carries the toxin, which also appears to be a protein derivative, since 
it is not dissolved or inactivated by lipoid solvents, is destroyed by 
heating to 90° for one hour, and is rendered inactive by digestion with 
trypsin. 

A suggestive analogy has been drawn by Hallauer (12) between the 
reversible inactivation of dysentery toxin by dilute acids and the 
reversible ring and open chain tautomerism observed by Bergmann and 
Miekeley (3a) in the case of certain amino acid derivatives. These 
changes, taking benzoylserine as an example, may be pictured as 
follows: 


C-C,H; 
| \acid 
COOH 
alkali 
CH.OH CH,—O—COC,H; 
alkali | 
CHNHCOC,H; <——— CHNH, 


COOH COOH 
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Hallauer suggested that some such intramolecular rearrangement 
occurs in the detoxification and loss of antitoxin-producing power of 
dysentery toxin when exposed to the action of dilute hydrochloric acid, 
and in the recovery of both functions on addition of alkali. 

C. Bacterial proteins. The specific properties of pneumococcus 
“nucleoprotein,” as contrasted with those of the polysaccharides of this 
microérganism, will be discussed under the section on Carbohydrates. 

As a result of a series of studies on the active principle of tuberculin, 
Long and Seibert (13) present new evidence for the view that the 
substance producing the skin reaction is a protein (cf. also Mueller 
(14)). The active material, isolated after growth of the tubercle 
bacillus on a protein-free medium, was completely precipitated by 
three-fourths saturation with ammonium sulfate and was separable 
into a water-soluble, heat coagulable protein, a water-insoluble, non- 
coagulable protein, and a water soluble protein which was not coagu- 
lated by heat. The last fraction had the highest potency and is believed 
to be a whole protein, or one hardly degraded as far as the proteose 
stage, since it is attacked, with loss of activity, by pepsin and acid, or 
trypsin and alkali, but not by trypsin in neutral solution, or by erepsin. 
More recently Seibert (15) has isolated a crystalline protein from this 
fraction, but was uncertain whether or not this represented the true 
active substance of tuberculin. 

D. Antibodies. The actual chemical nature of antibodies is still 
a matter of doubt. The question is as yet unanswered whether anti- 
bodies are themselves proteins, or whether they are substances of 
unknown constitution, so firmly attached to one or another fraction 
of the proteins of immune serum that separation from these has been 
impossible. 

Since Salkowski’s brief report on protein-free diphtheria antitoxin 
solutions (16) was shown to be in error (17) the work of Huntoon and 
his collaborators (18) and of Ottenberg and Stenbuck (19) has re- 
mained the chief recent evidence in favor of the non-protein nature of 
antibodies. 

The former group, in extending the work of earlier investigators,} 
absorbed the antibodies from antipneumococcus serum with homolo- 
gous pneumococci, washed the agglutinated organisms, and found 
a considerable proportion of the antigen-antibody complex to be 
dissociated at 42 to 55° by mildly alkaline solutions or those 


1For bibliography cf. (18); ef. also Gay and Chickering, Journ. Exper. Med., 
1915, xxi, 389; Chickering, Ibid., 1915, xxii, 248. 
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containing sugar. The extracts contained traces of protein, but 
since a portion of this could be eliminated by precipitation on 
dialysis or by acetic acid without great loss of potency, and since the 
antibodies appeared resistant to trypsin and did not correspond in 
solubility to typical euglobulin or pseudoglobulin, it was concluded 
that they differed from ordinary serum proteins. Ottenberg and 
Stenbuck found that the agglutinins in typhoid antibody solutions 
obtained by Huntoon’s method could be largely precipitated at about 
pH 6.4 by small amounts of copper ion. After two reprecipitations 
by solution in dilute acid and readjustment to the proper pH the anti- 
body solutions no longer gave the usual protein reactions. The final 
solution contained about one-twentieth of the agglutinin originally 
present in the serum, but only 1/3450 of the nitrogen. Less favorable 
results were obtained with the pneumococcus. 

In considering this work it must be borne in mind that solutions 
obtained by the dissociation of sensitized bacteria are extremely dilute, 
and that the ordinary tests for protein are far from sensitive. It 
would therefore require the concentration of large amounts of material 
and the study of the actually isolated antibody substance, both chemi- 
cally and immunologically, before it could be stated with certainty 
whether or not a protein-free antibody had been attained by any of 
these methods. 

On the other hand, there are data pointing toward the actual protein 
nature of antibodies. Locke and Hirsh (20), later with Main (21), 
fractionated anti-sheep rabbit hemolysin both by electrodialysis and 
by absorption on sheep cells, dissociation of the antibody-antigen 
complex with ether, and extraction of the hemolysin with 0.001 N 
sulfuric acid. The hemolysin which separated on neutralization still 
contained some globulin derived from the cells used for absorption, 
but appeared to consist entirely of protein of the general behavior of 
the globulins. After further purification by electrodialysis and iso- 
electric flocculation it still maintained its protein characteristics, 
although in the best preparations one hemolytic unit was associated 
with as little as 0.000,044 mgm. of protein. | 

In Felton’s extensive work on the purification of pneumococcus 
antibodies (22) there is also much to indicate the actual protein nature 
of antibodies. Felton found that when antipneumococcus serum is 
diluted with 15 to 20 volumes of slightly acidulated water or weak 
buffer solution a large proportion of the antibodies is usually precipi- 
tated and about 90 per cent of the serum proteins remain in solution. 
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This method is undoubtedly the simplest yet proposed for effecting 
a rapid and far-reaching initial purification of pneumococcus anti- 
bodies. Further fractionation without extensive losses was difficult, 
but by removing the small portion separating on dilution with two 
volumes of water, and also discarding the relatively inactive first and 
last fractions obtained on gradual saturation with ammonium sulfate, 
Felton recovered a highly potent so-called pseudoglobulin fraction 
with properties differing from the corresponding portion of normal 
serum. The chief differences hitherto observed were the shape of 
the titration curve of the antibody-containing globulin and its iso- 
electric point at about pH 6.8, a reaction considerably more alkaline 
than that of the isoelectric points of the ordinary serum globulins. 

Felton, of course, does not consider this protein fraction to be pure 
antibody. Indeed, the writer has found as much as 60 to 75 per cent 
of the protein in the initial solutions obtained by Felton’s method to 
remain unprecipitated by the appropriate soluble specific substance.’ 
What is significant, however, is, that on further purification and re- 
moval of a portion of the inactive material Felton appears to have 
obtained a modified globulin. These modifications could scarcely 
have been induced by the cautious handling of the material, and if 
they are confirmed by the finding of other chemical changes caused 
by the presence of increasing amounts of actual antibody substance, 
it would become very difficult to believe that antibodies were other 
_ than proteins appropriately modified. 

II. Liromws. A. Heterogenetic antigens. It will be recalled that 
Forssman (23) originally showed that following the injection of certain 
animal tissues of unrelated species common hemolytic antibodies for 
sheep corpuscles appear, and that Landsteiner (24) and Taniguchi 
(25) demonstrated such heterogenetic antigens to consist of two com- 
ponent parts, one a protein, the other probably a lipoid. It was also 
shown by Landsteiner and Simms (26) that the lipoid fraction of the 
heterogenetic antigen, which is itself practically devoid of antigenic 
properties, acquires true antigenicity when combined with protein, 
and that the antibodies thus induced react with the lipoid fraction. 
The protein or serum with which the lipoid was combined made no 
difference in the specificity of the resulting antibodies for the hetero- 
genetic lipoid fraction, thus showing this fraction to be the actual 
specific factor in the formation of the antibodies. Further work has 


? Unpublished results. Felton found 46 per cent in an apparently more highly 
purified solution. 
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since been done on this lipoid fraction with a view to separating the 
actual specific substance, or “haptene,” as Landsteiner has termed 
the non-antigenic, specifically reacting portion of complex antigens (24). 

After extensive purification by fractional precipitation from various 
solvents and by precipitation with basic lead acetate, Sordelli, Wernicke 
and Deulofeu (27) concluded that the active material was not in the 
cerebroside fraction, contrary to earlier views. Landsteiner and 
Levene (28) reached the same conclusions, but found the activity of 
their purified preparations to be enhanced by the addition of crude 
sphyngomyelin, in itself practically inactive. By means of a prolonged 
series of fractionations from a number of solvents they obtained material 
showing [a], + 20° in water. This water-soluble product was composed 
both of lipoid and carbohydrate, since on hydrolysis it yielded soluble 
reducing sugars which gave purple and green colors with orcin, hydro- 
chloric acid and copper sulfate, and also formed osazones. An insoluble 
portion was precipitated during the hydrolysis, and from this higher 
fatty acids and a base resembling sphingosine were obtained. 

A product with somewhat similar solubilities and also yielding 
sugars and fatty acids on hydrolysis has been isolated by Dienes and 
Schénheit (29) by fractionation of the lipoids of the tubercle bacillus 
after preliminary extraction with acetone. This product, which 
separated from a dry ether solution of a partially purified specific 
fraction on long standing, showed complement fixation with rabbit 
antiserum to the same strain of tubercle bacillus at a dilution of about 
1:10,000,000. It contained both nitrogen and phosphorus and also 
precipitated the immune serum at a dilution of 1:1,000,000 (30) (ef. 
also p. 122), so that it was possibly not a single substance. 

As far as can be determined from the use of crude alcoholic extracts 
it is also possibly a lipoidal fraction of the red blood cells which is 
responsible for the specific differentiation of blood groups among 
human beings (31). 

A new significance is thus given to lipoids as immune substances. 
Although Schmidt (32) has reported the lipoids of the typhoid 
group to possess no antigenic or specific properties, and although 
there is no convincing evidence that pure, isolated lipoids can act 
antigenically, it requires apparently but the loosest kind of com- 
bination with protein to convert lipoids into antigens capable of 
producing a specific antibody response. Whether the production of 
specific antibodies is due entirely to the lipoid fraction of the complex 
material which has been isolated, for example, from the specific part 
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of the heterogenetic antigen, or is due in part to the carbohydrate 
fraction, would seem still to be an open question in view of the findings 
discussed in the next section. 

The application of the above results to the Wassermann reaction 
was a quick development, and has been extensively discussed by Sachs 
and his co-workers (33), who believe that spirochete protein is especially 
active in converting tissue lipoid into an antigen. However, the 
interpretation of their findings has been questioned (34), so that the 
true nature of the Wassermann reaction is still a matter of doubt. 

Ill. CarBonyprates. Recent work has shown that _ bacterial 
polysaccharides, as well as bacterial protein, influence largely the 
antigenic character of a number of microérganisms although these 
sugar derivatives are not in themselves antigenic when isolated in a 
state of comparative purity. The chemistry and immunological 
significance of these carbohydrates are therefore discussed below in 
considerable detail, since on the one hand many puzzling phenomena 
of bacterial specificity and interrelationship have been made clear, 
and on the other, a new field of sugar chemistry would appear to have 
been opened up. 

After the demonstration of the existence of three fixed antigenic 
types of Pneumococcus (35), Dochez and Avery discovered in fluid 
cultures of types I, II and III of this microbe the existence of a sub- 
stance which precipitated specifically in antipneumococcus serum of 
the homologous type (36). This ‘‘soluble specific substance’’ was 
also found in the body fluids of infected animals and was even demon- 
strated in the urine from approximately two-thirds of the cases suffer- 
ing from pneumonia due to pneumococci of types I, Il and III. Sub- 
sequently, from filtered alkaline extracts of several varieties of bacteria, 
including pneumococci, Zinsser and Parker (37) prepared products 
which they called “residue antigens,’’ which appeared free from coagul- 
able protein, were specifically precipitable by homologous antisera, 
were acid- and heat-resistant, and were considered analogous to the 
previously described soluble specific substance of Pneumococcus. 

Since Dochez and Avery had found the specific substance to be 
thermostable, resistant to the action of trypsin and many reagents, 
and type specific in the highest degree, it seemed an ideal basis for 
the beginning of a study of the relation between bacterial specificity 
and chemical constitution, and this was accordingly undertaken (38). 

The type II pneumococcus was first studied and the fractionation 
and purification of the specific substance were followed at each step 
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by means of the precipitin test. Eight-day cultures of the organism 
in meat-infusion phosphate broth were concentrated on the water- 
bath to about one-fifteenth volume, precipitated with 1.2 volumes of 
alcohol, and centrifuged. Of the three layers formed, the middle 
gummy layer contained most of the specific substance, and a large 
proportion of the accompanying impurities was thus eliminated in 
a single step. Further purification of the middle layers from about 
300 liters of culture at a time depended upon repeated precipitation 
with alcohol under varying conditions, also by means of saturation 
with ammonium sulfate, and final precipitation by pouring into 10 to 
15 volumes of acetone. The yield was usually from 2.5 to 3.5 grams. 
As the purification proceeded the material isolated took on more and 
more the properties of a polysaccharide, so that it became evident that 
a sugar derivative was at least the carrier of whatever might be the 
true specific substance itself. Attempts were made to separate this 
hypothetical substance from the polysaccharide by precipitation with 
basic lead acetate, uranyl nitrate, or safranine, by adsorption on alu- 
mina and recovery from this, and even by specific precipitation with 
a large quantity of type II antibody solution (39) and recovery of the 
specific substance from the immune precipitate, but these failed to 
effect a significant change in properties, even when pneumococci them- 
selves were used as starting material instead of the broth culture. 
Attempts at a separation by means of carbohydrate splitting enzymes 
also failed as the sugar derivative proved resistant to this type of 
hydrolysis. Moreover, when exposed to the action of 1:1 hydrochloric 
acid in the cold, the substance diminished in specific activity only 
after reducing sugars began to appear, so that the specific substance 
and the polysaccharide, if not identical, appeared at least to be very 
closely associated. On hydrolysis the specific product yielded about 
70 per cent of reducing sugars consisting mainly of glucose, as shown 
by the isolation of glucosazone and the formation of saccharic acid 
on oxidation. Other possible constituents remained unidentified. 
Little work was necessary on the soluble specific substance of type 
III pneumococcus to show that marked chemical differences existed 
between it and the corresponding derivative of type II. The type 
III substance proved to be the soluble salt of an insoluble acid, far 
stronger than the type II substance, and capable of being thrown 
out of solution by an excess of strong hydrochloric acid. This property 
was of great use, not only in separating the specific substance from 
accompanying glycogen or erythrodextrin, but also in effecting a 
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rapid purification without the use of ammonium sulfate and with 
fewer fractionations by alcohol. Successive lots also agreed very 
closely in their physical and chemical properties, indicating that one 
was apparently dealing in this case with a much more definite chemical 
entity than was the type II product. 

The type III soluble specific substance was thus also isolated as a 
nitrogen-free polysaccharide. No further purification could be realized 
either by precipitation with barium hydroxide in excess, or by adsorp- 
tion on highly active alumina (40). 

Once the properties of the type III specific substance had been 
established it was considered proper to add glucose to the usual Pneu- 
mococcus broth, thus securing greatly increased growth and improving 
the yields of specific substance from 6 to 9 grams per 300 liters of 
broth to 35 to 40 grams. With these increased amounts of material 
a more detailed chemical study of the substance was made possible. 

When the type III specific substance is treated in the cold with 
75 per cent (by weight) sulfuric acid until it no longer precipitates 
on dilution, and is then further hydrolyzed with boiling normal sulfuric 
acid until the maximum reducing power is attained, a small amount 
of glucose is formed. This was identified through the osazone and 
by oxidation to saccharic acid. 85 per cent of the hydrolysis products 
are, however, precipitated by basic lead acetate and yield a crystalline 
morphine salt, from which is obtained a sugar acid differing little from 
the crude acid before purification. Its reducing power is 50 per cent 
that of glucose; its acid equivalent is 363, while the value calculated 
for a disaccharide acid, Cy,HjgQ0y9-COOH, is 356; on prolonged hy- 
drolysis only a small amount of glucose, in addition to unhydrolyzed 
material could be isolated, the acid half of the portion hydrolyzed 
apparently decomposing similarly to glucuronic acid and yielding 
approximately the expected amount of furfural; the reducing group of 
this disaccharide acid is aldehydic, as shown by its quantitative de- 
termination by the Willstatter-Schudel method (41); the acid also 
gives the color reaction with naphthoresorcinol characteristic of the 
glucuronic acid type. Whether the union of the glucose to the sugar 
acid is through the reducing group of the glucose, or through that of 
the sugar acid is as yet unknown. 

Since only about 9.5 per cent of the hydrolysis products of the original 
polysaccharide appear as glucose, and since the above disaccharide 
or aldobionie acid has been shown to yield glucose slowly on further 
hydrolysis, it is not illogical to assume that the glucose set free during 
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the hydrolysis of the specific polysaccharide owes its origin, not to a 
separate part of the carbohydrate molecule, but chiefly to a secondary 
reaction involving the aldobionic acid. This is also supported by the 
fact that no glucose is split off during the preliminary hydrolysis by 
75 per cent sulfuric acid in the cold. Since also, the actual partial 
hydrolysis products obtained in this way show, by their acid equiva- 
lents, one carboxyl group for every two sugar nuclei, it would seem 
that the polysaccharide as a whole is built up of units of the disac- 
charide acid. A substance of this composition should have the formula 
(CyeH sO), with an acid equivalent of 338 and a carbon and hydrogen 
content of 42.6 per cent and 5.4 per cent, respectively. These figures 
are practicaly identical with the values obtained on analysis of the 
substance (cf. table 1). 

The soluble specific substance of type I pneumococcus was present 
in the culture fluid in relatively smaller amount than those of the type 
II and type III organisms and therefore required 1.3 to 1.4 volumes 
of alcohol for its precipitation from the culture concentrate. Other 
modifications were necessitated by the insolubility of the substance 
at its isoelectric point, about pH 4, and advantage was taken of its 
ability to form a precipitate with barium hydroxide in excess. Finally 
the specific substance was reprecipitated by alcohol in the presence 
of hydrochloric acid, and dialyzed. Being a weak base, it precipitated 
as the excess of hydrochloric acid was removed. The yield was 2 to 3 
grams. A preparation from type I pneumococci which had been 
separated from the accompanying broth, and one subjected to additional 
purification by adsorption on alumina failed to show differences from 
those isolated as above. 

The type I soluble specific substance also appears to be a sugar 
derivative, but differs sharply from the other two substances in the 
lower percentage of sugar liberated on hydrolysis and in containing 
nitrogen as an apparently essential component. 

The following data and table 1 are given as a brief summary of the 
properties of the soluble specific substances of the three fixed types of 
pneumococcus in the state of purity thus far attained. 

The type I soluble specific substance rotates the plane of polarized 
light about 300° to the right, is a strong acid and a weak base, and is 
very sparingly soluble at its isoelectric point, which lies at about pH 4. 
In spite of a nitrogen content of 5.0 per cent the substance gives none 
of the usual protein color tests. One-half of the nitrogen is liberated 
on treatment with nitrous acid and reducing sugars appear at the 
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same time, while the specific reaction vanishes. Under the same 
conditions the type II and type III substances are unaffected. It 
would thus appear that this portion of the nitrogen, at least, is an 
integral part of the specific substance, and is possibly linked to the 
reducing group of a sugar derivative, as Karrer believes is the case in 
the polyglucosamines (42). The substance gives the color reaction for 
glucuronic acid with naphthoresorcinol, but yields mucic acid on 
oxidation, indicating a relationship to galactose. Since the carbon 
and hydrogen contents of the substance are close to the theoretical 
values for polysaccharides it appears possible that in it a nitrogenous 
sugar derivative is linked to galacturonic acid through the reducing 
group of the latter. The type I substance is precipitated by barium 
hydroxide in excess, by heavy metal salts, and by phosphotungstic 
acid. In the specific precipitin reaction with type I antipneumococ- 
cus serum it can be detected in dilutions as great as 1:6,000,000, 
while at a concentration of 1:400 it gives a faint cloud with type III 
antiserum. 

The soluble specific substance of type II pneumococcus is apparently 
a weakly acidic, nitrogen-free polysaccharide made up chiefly of glu- 
cose units. Its acid equivalent is about 1250 and the specific optical 
rotation is about +74°. It is not precipitated by barium hydroxide 
or heavy metal salts with the exception of basic lead acetate and uranyl 
compounds. It reacts at a dilution of 1:5,000,000 with type II anti- 
pheumococcus serum but does not precipitate type I and type III 
antisera at a concentration of 1:400. The substance is converted by 
acetic anhydride and pyridine into a very sparingly soluble triacetyl 
derivative. 

The type III soluble substance, while also isolated as a nitrogen- 
free polysaccharide, is a strong acid with an acid equivalent of about 
340. It rotates the plane of polarized light about 33° to the left. It 
is precipitated by barium hydroxide in excess and by heavy metal 
salts, and is also rendered insoluble by the addition of strong hydro- 
chloric acid. In as high a dilution as 1:6,000,000 it still reacts with 
type III antipneumococcus serum. It appears to be a definite chemi- 
cal individual, built up by condensation of an aldobionic acid in such 
a way that the reducing groups disappear and the carboxyl groups 
remain free. The evidence so far collected indicates that in the aldo- 
bionic acid, C)2H2oO,2, glucose and a hexose-uronic acid are combined 
in such a way that one aldehydic group and the carboxyl remain free. 
The polysaccharide is thus unusual not only in its possession of the 
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property of immunological specificity, but in its chemical constitution 
as well. 

The three polysaccharides contain no sulfur or phosphorus and 
differ from the starch-glycogen group of carbohydrates in their acid 
properties, in giving no color with iodine, and in their resistance to 
the ordinary carbohydrate-splitting enzymes. Each substance breaks 


TABLE 1 


Soluble specific substances of the three fixed antigenic types of pneuwmococcus and of 
Friedlander bacillus (type B) 


2 
Zaeb 
< 
per | per | Calcu- 
cent | cent | cent |lated as 
glucose 
I +300° 43.3*| 5.85.0t; 28 | (Galacturonic | 1:6,000,000 
acid) 
(Amino sugar 
derivative) 
II +74° 1250 |45.8 | 6.40.0 | 70 | Glucose 1:5,000,000 
Ill —33°, 340 42.7 | 5.30.0 | 75 | Aldobionic 1:6,000 ,000 
acid, glucose 
Friedlander 
bacillus B |+100° 685 |44.6 | 6.10.0 | 73 | Glucose 1:2,000 ,000f 


* Theory for (CeéH1005),,C. 44.4 per cent; H, 6.2 per cent. 
+ Amino N, 2.5 per cent. 
t Rabbit antiserum. 


down on hydrolysis into reducing sugars, a part of which, at least, is 
peculiar to itself. The type I substance differs sharply from the other 
two in containing nitrogen and in possessing basic as well as acid 
properties, while of the other two substances, the type II is a dextro- 
rotatory weak acid and the type III a levorotatory strong acid. Es- 
pecially striking is the occurrence of specific substances of such widely 
differing properties in microorganisms as closely related as the three 
fixed types of Pneumococcus. 


With the possible exception of the type III polysaccharide, it is 
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doubtful whether each of the specific substances as at present isolated 
represents a definite chemical compound. However, in the case of 
the three fixed types of Pneumococcus three totally distinct carbohy- 
drates have been isolated from cultures grown in the same medium. 
Successive preparations of each specific substance have been quite 
uniform regardless of the widely different methods employed in the 
process of purification, and whether derived from the microorganisms 
themselves or from autolyzed broth cultures. Furthermore, the only 
one of these substances as yet investigated in detail appears to differ 
in its structure from that of any other known non-nitrogenous poly- 
saccharide. 

It is thought that these and other considerations based on the data 
presented warrant the belief that the three polysaccharides isolated 
represent the actual specific substances, stripped of at least a large 
portion of accompanying impurities, and that they do not merely 
represent inert material carrying an extremely minute amount of the 
true specific compounds. This, if admitted, would afford a chemical 
corroboration of the fact of type specificity in Pneumococcus, since 
only biological methods had been used in the original investigation (35). 

The extension of the above methods to the Friedliinder group of 
bacilli resulted in the preparation of another polysaccharide with 
specific properties (43), from agar cultures of the so-called ‘‘”’ strain 
of this bacillus (now known as type B (44)). After repeated precipi- 
tation with alcohol, then with barium hydroxide, and finally with 
alcohol in the presence of hydrochloric acid, it was obtained as a nitro- 
gen-free strong acid with an equivalent value of about 685. The 
specific optical rotation was +100°. It did not precipitate with 
silver or copper ions, but was thrown down by barium hydroxide in 
excess and by both neutral and basic lead acetates. It gave no color 
with iodine. The polysaccharide itself was non-reducing but on 
hydrolysis with mineral acid yielded reducing sugars, among which 
glucose was shown to be present by isolation of its osazone and by 
oxidation to saccharic acid. 

From table 1 it will be seen that this substance greatly resembles 
that of the type II pneumococcus, and the similarity was found to 
extend even to precipitation of type II antipneumococcus serum. ‘The 
type II substance in its present state of purity is, however, a weaker 
acid and is not precipitated by barium hydroxide or neutral lead acetate. 
It is possible that these differences depend only on the presence of 
different impurities in the two cases, but opposed to this view are the 
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findings that different preparations of each substance, purified by 
widely different methods, showed great constancy in each case, and 
that the absorption of agglutinins and precipitins is not reciprocal 
with the two organisms. If the fact that bacteria possess mutual 
absorptive capacity be accepted as the criterion of their antigenic 
identity, then the failure of the organisms in question to exhibit this 
property may be taken as further evidence of the lack of identity of 
the substances involved. 

However, granted a chemical difference between the two specific 
substances, it becomes necessary to account for their marked immuno- 
logical similarity. In the absence of further evidence as to the struc- 
tural relations of the two polysaccharides it seems reasonable to assume 
that both contain in a portion of the complex molecule the same or a 
closely similar configuration of atoms. This essential similarity in 
molecular grouping would then determine the immunological similarity 
of the two substances. 

In the case of Pneumococcus it has been shown that the polysaccha- 
rides by themselves are not antigenic, and it is believed that they become 
antigenic only when attached to some other substance, possibly the 
protein of the cell. The type-specific character of the antigenic re- 
sponse, however, is dependent almost entirely upon the nature of the 
polysaccharide and not upon the substance to which it is attached. 
Therefore, since the specific carbohydrate of the Friedlander bacillus 
(type B) and that of type II pneumococcus exhibit similar chemical 
properties the antigenic response to each may also be similar even 
though the proteins or other substances with which they are combined 
be quite dissimilar. 

A striking and probably analogous example of common antigenic 
properties in substances of remote biological origin is furnished by the 
phenomenon of heterogenetic specificity originally described by Forss- 
man (23; ef. also p. 112). 

The fact that two biologically unrelated organisms, pneumococcus 
type II and Friedlinder’s bacillus (type B), possess certain similar 
serological and antigenic properties suggests that examples of hetero- 
genetic specificity likewise occur among bacteria. In the case of the 
bacteria hitherto studied, however, the specific substance appears to 
be a polysaccharide, instead of a lipoid, and it further appears probable 
that when the analogous specific polysaccharides of otherwise totally 
unrelated microérganisms correspond sufficiently in chemical con- 
stitution an immunological correspondence also results. 
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From another strain of Friedlinder’s bacillus, the type of which 
has not yet been identified, Mueller, Smith and Litarezek (45) isolated 
carbohydrate-containing material with a nitrogen content of 1.3 per 
cent and showed that at high dilutions it precipitated homologous 
immune serum. 

An apparent polysaccharide with specific properties has also been 
discovered in the tubercle bacillus, and somewhat similar products 
have been obtained by Laidlaw and Dudley (46) from the defatted 
bacilli, and by Mueller (47) from the culture itself, by widely differing 
methods. Laidlaw and Dudley heated the bacilli with weak alkali, 
and the portion of the extract not precipitated by acetic acid or copper 
sulfate was adsorbed with uranium hydroxide and the specific material 
carried by the adsorbent freed from this and separated from accompany- 
ing glycogen by repeated fractionation with alcohol. Mueller freed 
the culture concentrate from nucleic acid derivatives, treated it with 
“antiformin,” and fractionated the specific material under varying 
conditions from alcohol. In both instances products giving the reac- 
tions of a pentose-containing polysaccharide were obtained, dextro- 
rotatory, practically nitrogen free, and reacting at high dilutions with 
the sera of animals immunized against the tubercle bacillus. The 
sugars obtained on hydrolysis were not identified. Laidlaw and 
Dudley’s material showed [a]p¢ green + 79° and 50 per cent of reducing 
sugars on hydrolysis, while the figures for Mueller’s product were 
[a], +24° and 99 per cent, respectively. The polysaccharide appears 
responsible for the precipitin reaction given by tuberculin. 

Specifically reacting material, also apparently carbohydrate in nature, 
has been isolated from yeast by fractionation with alcohol. The 
product, closely associated with, or identical with the yeast gum, 
precipitated the sera of rabbits immunized against the yeast (48). 

The wide distribution of specific polysaccharides among micro- 
organisms of the most diverse types made it seem not improbable 
that there might occur among the higher plant forms other carbohy- 
drates with specific properties. In a series of tests on water-soluble 
plant gums samples of gum arabic (gum acacia) were actually found 
which showed some degree of specific activity. By fractional hydroly- 
sis with 1:1 hydrochloric acid it was found possible to remove about 
one-half of the pentose present. [a], of the recovered gum was about 
— 10° and its specific activity had increased 100- to 150-fold (49). The 


interpretation of these findings is withheld until further data are 
available. 
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Initial studies of the relationship of the soluble specific substances 
of bacterial origin to other cell constituents have been made in the 
case of Pneumococcus (38b, 50, 51, 38e). When these microbes are 
dissolved, either with the aid of bile, or by repeated freezing and thaw- 
ing, the resulting solution yields a precipitate of so-called ‘“nucleo- 
protein” on acidification with acetic acid. While probably a mixture 
consisting largely of nucleoprotein and mucoid, it still possesses im- 
munological properties which differ sharply from those of the soluble 
specific substance. In the first place, the protein is antigenic, while 
the soluble specific substance, though reacting specifically with anti- 
bodies to the highest degree, is non-antigenic and unable by itself to 
stimulate the production of antibodies when injected into animals. 
Moreover, the protein isolated from any one of the three fixed types 
of Pneumococcus, or from a strain of the heterogeneous group IV, 
appears serologically the same as that from any of the other types. 
Thus this portion of the pneumococcus protein is not type-specific, 
like the soluble specific substance, but is, rather, species-specific. 

Since many of the immune reactions participated in by bacteria 
are presumably surface phenomena, the nature of the reactive material 
at the periphery of the cell may determine the readiness of response 
and even the specificity of reaction. Pneumococcus is an encapsulated 
organism, and there are grounds for the belief that the ectoplasmic 
layer of the cell is composed of carbohydrate material which is identical 
in all its biological characters with the type-specific substance. On 
the other hand, the endoplasm, or somatic substance, consists largely 
of protein which, as previously pointed out, is species- and not type- 
specific. This protein is possessed in common by all pneumococci, 
while the carbohydrate is chemically distinct and serologically specific 
for each of the three fixed types. The cell, therefore, may be con- 
ceived of as so constituted that there is disposed at its periphery a 
highly reactive substance upon which type specificity depends. 

The fact that this specifically reactive carbohydrate is non-antigenic 
when separated from the other cellular constituents and is capable of 
inciting antibody formation only in the form in which it is present in 
the intact cell, forces the conclusion that in the latter instance it exists 
not merely as free carbohydrate but also in combination with some 
other substance which confers upon it specific antigenic properties. 

Immunization with intact bacteria containing this carbohydrate 
complex elicits antibodies which not only agglutinate the formed cells 
but precipitate solutions of the carbohydrate isolated from pneumococci 
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of the homologous type. How the specific polysaccharide is combined 
in the cell, whether with protein or some other constituent is not yet 
clear, but it is evident that the compound thus formed is the dominant 
and essential antigen of the cell, and the one responsible for type 
specificity. Immunization with dissolved pneumococci, on the other 
hand, results in the formation of antibodies which precipitate the 
pheumococcus protein but not the soluble specific substance. 

The immunological relationships of the protein and carbohydrate 


TABLE 2 
PNEUMOCOCCUS AND CELL CONSTITUENTS ANTIBODIES DEMONSTRABLE IN SERUM 
> Cc le- 
ci mont Specificity 
fixation 
= 2 
3 
Carbohydrate S}................ None 
Protein P§.. P i+ i+ 
Solutions, extracts containing free | 
S and free P. P —-/-/+]-/|+]-]+4 
Suspension of intact colle and dis- 
sociated cell constituents (SP), 
(SP),P | + | 


= Free S, as antigen, does not fix complement with immune horse serum; 
is active with immune rabbit serum.® 
t (SP) = Carbohydrate and protein, combined antigen of cell. 
tS = Free carbohydrate, the soluble specific substance of cell. 
§ P = Free protein of cell. 


fractions of the cell are graphically presented in table 2, in which S 
represents the soluble specific substance (carbohydrate) and P the 
protein of Pneumococcus. 

It is evident that morphological dissolution of pneumococci is accom- 
panied by antigenic dissociation, for sera prepared from filtered solutions 
of disintegrated cells free of formed elements fail to exhibit any of the 
dominant type-specific properties which characterize sera obtained 
by immunization with whole bacteria. The injection of suspensions 
of pneumococci into animals induces the formation of antibodies 


’ Unpublished data obtained by E. Vollmond. 
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against S alone or against both S and P separately, depending upon 
whether or not these suspensions contain only intact cells or a mixture 
of both intact and dissolved cell bodies. Since pneumococci readily 
undergo autolysis and digsolution, suspensions and indeed cultures of 
these organisms almost invariably contain not only formed elements, 
but also more or less of dissociated cell constituents in solution. There- 
fore, use of suspensions of pneumococci containing both intact cells 
and the soluble products of cell disintegration yields on immunization 
not only type-specific antibodies but antibodies reacting with the 
protein substance which is common to all pneumococci. While the 
former generally predominate it is the presence of this protein antibody 
with its broader zone of activity which is responsible for the confusing 
cross-immunity reactions occasionally encountered in supposedly 
type-specific sera and which has in some instances led workers even 
to deny the existence of three distinct antigenic types of pneumococci. 
That the two sets of antibodies involved are separate and distinct is 
shown by absorption tests; the antiprotein reacting bodies in such 
sera can be removed by absorption with the protein of a heterologous 
type without diminishing the titer of specific agglutinins for the homolo- — 
gous culture or the precipitins for the specific polysaccharide of the 
corresponding type. 

The possible relation of the specific polysaccharides to virulence and 
disease has been discussed elsewhere (loc. cit., also 52, 53), and is outside 
the scope of the present paper, as is also a discussion of advances which 
the above type of analysis has already permitted in the study of the 
Encapsulating group (54) and the non-hemolytic streptococci (55). 

The specifically reacting polysaccharides offer much of chemical 
interest. While it had generally been assumed that only the proteins 
and their derivatives provided the innumerable opportunities for iso- 
merism and subtle changes requisite for the substances exhibiting the 
phenomena of specificity, the discovery of carbohydrates with specific 
properties is not as surprising as might appear on first thought. When 
one considers the number of asymmetric carbon atoms in the hexoses 
and pentoses, the different possible points of attachment of the lactone 
bridge, the possibility of a- and 8- glucosidic unions at various positions 
in the molecule, and the addition of sugar acids, the analogs of amino 
acids, to the large number of sugars theoretically capable of entering 
into the composition of such polysaccharides, it becomes clear that 
perhaps only among the carbohydrates could another sufficiently large 
and protean group of substances be found to afford the possibility of 
specific manifestations. 
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At the present early stage of the development of the field thus opened 
up it would be idle to speculate on the relationship within this group 
of specificity to chemical constitution. That some such relation 
exists, however, and is reflected by marked themical changes has been 
fully demonstrated in the case of the soluble specific substances of the 
three antigenic types of Pneumococcus. Also significant is the finding 
that, even in the case of such widely different microérganisms as 
Pneumococcus type II and the type B Friedlinder bacillus, a certain 
similarity in the chemical nature of their specific polysaccharides is 
accompanied by a corresponding similarity in the immunological 
properties of the organisms themselves. 

So far only the specific polysaccharide of type II] pneumococcus has 
been investigated in detail, and it is too early to render judgment as 
to whether or not the polysaccharides with specific properties form a 
chemically distinct group of carbohydrates. In this one instance the 
structure certainly appears different from that of any known non- 
nitrogenous sugar derivative, although an analogy to the nitrogen- 
containing chondroitin sulfuric acid (56) is discernible, and perhaps 
even a distant relationship to the pectins (57). In this connection the 
finding of a specifically reacting polysaccharide as a constituent of 
gum arabic is of interest, and it is not impossible that sugar derivatives 
with specific properties may occupy a position of biological significance 
among higher forms of life as well as among bacteria. 


Under the three main headings which have been taken up, the list 
of immune substances of interest and importance has by no means 
been exhausted. Complement, for example, has not been discussed, 
since recent work has failed to establish whether complement is merely 
a colloidal state, or an actual chemical entity or group. The study 
of bacteriophage, as well, is still in too early and controversial a state 
for discussion in a review of such limited scope as the present one. 

The fragmentary and incomplete character of these gropings toward 
the actual chemical nature of immune substances is obvious. Future 
progress is dependent upon new methods as well as upon the applica- 
tion of those used with success in other fields of organic chemistry. 
However, the little that has already been accomplished has not been 
without theoretical and practical implications sufficient to stimulate 
renewed endeavor. 
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THE EXTRA-HEPATIC FUNCTIONS OF BILE 
CARL L. A. SCHMIDT 


Division of Biochemistry and Pharmacology, University of California Medical 
School, Berkeley 


A. The chief excuse for writing an article under the above caption is 
to emphasize the need for carefully controlled experimental investi- 
gations to elucidate the numerous points which in this review must 
necessarily remain in part unanswered. Two reviews relating to bile 
have already appeared, viz., ‘“The Origin and Significance of the Con- 
stituents of the Bile” by G. H. Whipple, and “The Functions of the Gall 
Bladder” by F. C. Mann. Since the functions of bile are intimately 
related to the ability of the animal organism to utilize fat, mention at 
this time should be made of the recent articles by Bloor and by Terroine 
on the subject of fat transport and utilization in the animal body. No 
reference to bile can be made without mentioning the excellent discus- 
sions of this subject by Stadelmann. The pioneer work of Bidder and 
Schmidt must also be included. 

It is not the purpose of this article to enter into the controversial 
aspects of bile function by a detailed review of the literature but rather 
to state those views which to the writer appear to be supported by the 
greatest amount of evidence. For those who desire to pursue the 
subject in greater detail than the review permits, a bibliography, 
arranged under the various sub-topies which are discussed, is appended. 
The references are by no means complete. 

B. THE FUNCTION OF BILE AS A RESERVOIR FOR ALKALI. Due to the 
presence of hydrochloric acid the contents of the stomach possess a 
decided acid reaction. After passage into the duodenum this free acid 
is neutralized. In the experiments which were carried out by 
MeClendon the pH of the lower part of the human duodenum varied 
from 4.5 to 5.1 and the ileum from 5.9 to 6.5. Okada observed pH 
values ranging from 4.8 to 7.9. There is no hydrochloric acid present 
in the ileum or jejunum. The slight observed acidity must be due to 
the presence of weakly dissociated acids. There are three agencies 
present in the intestinal tract each of which possesses alkali capable of 
neutralizing hydrochloric acid. No quantitative data are available on 
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which to base calculations of the amounts of alkali which are normally 
contributed by the pancreatic juice, bile and succus entericus respec- 
tively. According to Okada and Arai the reaction of bile may vary 
from 4.7 X 10-* to 3.4 Others have found similar fluctuations 
in reaction. Due to its content of sodium bicarbonate and bile salts, 
the bile undoubtedly contributes to the neutralization of hydrochloric 
acid. The re-circulation of bile affords a method of bringing alkali to 
the intestinal tract. But since little or nothing appears to be known as 
regards the amount of bile which is poured into the small intestine 
during the process of digestion, an attempt to estimate its function as a 
neutralizing agent quantitatively is not at the present time possible. 

On the basis of both the bile fistula dog and icteric patients the con- 
clusion may be drawn that in the absence of bile the two other agencies 
are fully capable of supplying the necessary alkali for the neutralization 
of the acid which is contributed by the gastric juice. The pancreatic 
juice is usually credited as being the chief contributor of the alkali which 
is poured into the intestine and the function of the bile in this respect is 
probably one of secondary importance. There are sufficient experi- 
mental data at hand to show that tryptic digestion of protein takes 
place in the absence of bile. The favorable conditions of reaction must 
be eared for by agencies other than bile. It would be very interesting 
to have acidity studies carried out on experimental animals from whose 
intestines both hile and pancreatic juice were excluded. Such animals 
ean still digest protein. It is not unreasonable to expect that the 
necessary alkali will be contributed by the succus entericus and that the 
reaction of the small intestine will not materially differ from that of the 
normal animal. The possibility of the neutralization of hydrochloric 
acid by direct absorption must also be borne in mind. 

As the result of the action of lipase on fat, fatty acids are set free. 
It is a generally accepted view that they are absorbed from the intestinal 
tract as soaps. For this purpose alkali must be available. Certain of 
the older workers held the view that the bile salts were a source for the 
necessary alkali. In the light of modern evidence this view cannot be 
accepted. According to the measurements of Hammarsten the disso- 
ciation constant of glycocholic acid is 4.0 X 10°. The constant for 
taurocholic acid has not been determined but apparently it is somewhat 
greater than the value for glycocholic acid. On account of their in- 
solubility in water the dissociation constants of the higher fatty acids 
have not been determined. They are stronger than carbonic acid. 
According to Bondi the dissociation constant for the fourth member of 
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the fatty acid series, butyric acid, is 1.5 x 10-4. The dissociation 
constant for oleic acid will be much less than this value. It probably 
lies between 10~° and 10-*. It is evident that the chief contributor of 
alkali for the formation of soap must be sodium bicarbonate. At a 
reaction of pH 6.5 the fatty acid will exist partly in the free state and 
partly as soap. Next to the intestinal wall it is possible that the al- 
kalinity is somewhat greater, thus favoring soap formation. After 
absorption of the soap resynthesis of fat from the split products takes 
place in the epithelial cells. In this process alkali will be set free and 
presumably will be available for further formation of soap. The ex- 
periments of Lombroso indicate that sufficient alkali for soap formation 
can be supplied by the intestinal juice. 

From consideration of the above we must conclude that although bile 
is capable and undoubtedly does play a réle in maintaining the reaction 
limits usually found in the intestinal tract, this function is not vital and 
probably secondary to that of the pancreatic juice and succus entericus. 

(,. THE FUNCTIONS OF BILE AS AN ENZYMATIC ACTIVATOR AND AC- 
CELERATOR. Lipase. Although Bonanno and others state that bile 
contains an amylolytic and a lipolytic ferment, the action of these 
ferments is but feeble and no greater than that of other body fluids. 
It may be safely stated that bile plays no part in the contribution of 
active ferments for intestinal digestion. Many investigators have 
shown that bile is an important agency in activating certain enzymes, 
particularly pancreatic lipase. Their conclusions have been drawn 
both from test tube and animal experiments. The action of bile on 
pancreatic lipase is easily shown by experiments of the type which were 
carried out by Loevenhart and Souder. In order to eliminate the 
influence of bile as an emulsifying agent, they used triacetin as the 
substrate. Although some splitting of the ester was found to take 
place in the absence of bile, the addition of the latter substance led to a 
marked acceleration in the splitting of the triacetin by pancreatic 
lipase. Similar results have been obtained by von Firth, Terroine, 
Platt and Dawson and many others. Bile is not the only substance 
capable of activating pancreatic lipase. Phosphates, calcium chloride, 
sodium oleate and lecithin have been found by various workers to act 
in a similar capacity, although perhaps not to the same degree as bile. 
Various attempts have also been made to ascertain what particular 
constituent of the bile is responsible for its action on lipase. Hewlett 
believed that it is due to lecithin but this view has been generally 
discredited. It now seems pretty clearly established that the bile salts 
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possess the ability to accelerate the action of pancreatic lipase and it 
has been further shown that the bile salts possess this property in virtue 
of the cholic acid radicle. Sodium cholate itself markedly accelerates 
the activity of pancreatic lipase in the cleavage of fats. Kalabonkoff 
and Terroine state that bile also aids in the cleavage of lecithin. Accord- 
ing to Hamsik bile exerts a favorable influence upon fat synthesis. 

A striking property of bile lies in its inability to act similarly on all 
lipases. According to Taylor bile not only does not accelerate the 
activity of castor bean lipase but it may even inhibit its action. Wishart 
finds that bile inhibits hepatic esterase and Levine and Cianelli state 
that the action of renal lipase is likewise inhibited by bile. According 
to Willstitter and Memmen sodium oleate accelerates the hydrolysis 
of tributyrin by pancreatic lipase and retards the activity of hepatic 
lipase. The same workers found that both sodium oleate and sodium 
glycocholate activate gastric lipase. The action of the bile salt on 
gastric lipase is variable. This is explained by the presence of a bile-like 
activator in the crude preparation. After this is removed by adsorption 
sodium glycocholate is able to activate the gastric lipase. Willstiitter 
and Memmen are uncertain as to whether pancreatic and hepatic lipase 
differ structurally or the latter enzyme is already activated by an 
associated substance which is difficult to remove. The occurrence of 
activators in crude preparations of lipases appears to have been over- 
looked by the older investigators who studied the action of bile on fat- 
splitting enzymes. Boldireff collected the secretion from the duodenum 
free from pancreatic juice and studied its action on monobutyrin. — Bile 
did not increase the activity of this lipase. This work finds support 
from the fact that in the absence of both bile and pancreatic juice con- 
siderable amounts of fat may still be split in the intestinal tract. 

Animal experiments likewise indicate the importance of bile as an 
activator of pancreatic lipase. Claude Bernard made an important 
observation upon rabbits. In these animals the bile duct joins the 
small intestine about 10 em. above the pancreatic duct. He noted 
during the course of digestion that the lacteals in this 10 em. space 
remained clear while below the pancreatie duct they were filled with a 
milky suspension of fat particles. This indicates the inability of the 
bile to split fat. Dastre carried out the inverse experiment on dogs. 
He tied off the bile duct and established a biliary fistula some distance 
below the pancreatic duct. With a diet rich in fat the lacteals showed 
a milky turbidity below this point. The intervening space remained 
clear. 
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A number of experiments have shown that in the absence of both 
bile and pancreatic juice considerable splitting of fat nevertheless takes 
place. Hédon and Ville found about 75 per cent of the fat in the feces 
of dogs with partially extirpated pancreas and exclusion of bile from the 
intestine, in the form of fatty acids. In another experiment Hédon 
noted that in the absence of the pancreas the chyle which he collected 
from the thoracic duct of his animals was milky due to the presence of 
fat particles. When bile was also excluded very little was found in the 
chyle indicating poor absorption. Teichmann showed that ligation of 
the pancreatic duct does not materially affect the absorption of fat. 
Harley’s experiments also indicate that a considerable quantity of 
neutral fat is split in the small intestine in the absence of the pancreatic 
juice. It is doubtful that bacteria play more than a minor réle in the 
splitting of fat. Apparently the lipase of the succus entericus is capable 
in the absence of both pancreatic juice and bile of splitting a considerable 
portion of the fat in a normal diet, but, as will be shown in more detail 
later, the absorption of fat is markedly diminished when bile is withheld 
from the small intestine. 

Relatively little is known of the mechanism whereby bile accelerates 
the activity of lipase. It was formerly assumed that enzymes are 
secreted in an inactive state as zymogens and that the process of activa- 
tion consists in the conversion of the latter substance into the active 
ferment. The classical example is the conversion of trypsinogen into 
trypsin by enterokinase. Waldschmidt-Leitz has, however, shown that 
the latter substance is not a ferment but an activator. He has been 
able to show that on removal of the activator by adsorption the active 
trypsin was reduced to its former inactive state. The ferment is, 
therefore, a single substance whose activity may be increased by the 
presence of a second substance (activator). The action of bile on 
lipase is not enzymatie. Bile is an activator. In recent years the 
role of activators of pancreatic lipase has been investigated by Orbeli 
and Tetyaeff, de Jonge and by Willstiitter and his collaborators. The 
latter believe that the influence of the activator does not consist in 
converting the lipase zymogen into lipase since the reaction velocity 
of the inactivated lipase in an acid media is of the same order of mag- 
nitude as when the lipase acts in an alkaline media in the presence of an 
activator. They advance the idea that the activator functions as a 
mutual adsorbing agent for both ferment and substrate. In this state 
the conditions are more favorable for lipolytic cleavage than in the 
absence of the activator. 
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Pepsin. Bile apparently influences to some degree the activity of 
enzymes other than lipases. The important activators for the proteo- 
lytic ferments are not contained in this fluid. According to Maly and 
Emich, Ringer and Bruno, the proteolytic action of pepsin is inhibited 
by bile acids. If bile be mixed with a peptic digestion mixture, a precip- 
itate is formed which includes pepsin. But in vivo no such precipita- 
tion has been observed. The inactivation of pepsin in the intestinal 
tract can be ascribed to agencies other than bile. 

Trypsin. It is not at all certain that bile possesses the ability to 
accelerate the hydrolytic cleavage of protein by trypsin. Rachford, 
Bruno and Ussow believe that the influence is favorable, while Quag- 
liariello maintains the contrary. Rosanov considers that bile increases 
the activity of trypsin by preventing autodigestion but he offers no 
explanation as to how this is brought about. In vivo the influence cf 
bile on the utilization of protein is negligible. Rosenberg kept a bile 
fistula dog on a meat diet for some time and found that the amount of 
protein which was utilized by the animal was approximately the same 
as prior to the operation. 

Amylase. Most workers agree that bile accelerates slightly the 
activity of pancreatic amylase. In the living animal it is not probable 
that bile is a factor of importance in the digestion of starch. Parker 
has described an interesting case of a child with complete absence of 
bile from the intestine. Although the child was unable to utilize the 
normal amounts of fat it digested and utilized sufficient amounts of 
protein and carbohydrate to maintain nitrogenous equilibrium and to 
gain weight. It appears that the réle of bile is most important in 
carnivora who consume much preformed fat while in the herbivora and 
especially in the ruminantia the function of bile is secondary. 

D. FUNCTION OF BILE AS AN EMULSIFYING AGENT. The amount of 
fat which can be split by lipase in a given time depends in a large 
measure on the surface which is exposed to the action of the ferment. 
Emulsification enormously enhances the area of the fats and, therefore, 
the number of fat molecules upon which the ferment can act. The 
emulsification of fats is greatly facilitated by the presence in the water 
of substances which reduce the interfacial tension. The free fatty 
acids show activity in this respect but the higher fatty acids are so 
insoluble that they have but little effect in promoting emulsification. 
The influence of bile as an emulsifying agent is shown by the experi- 
ments of Kingsbury. He estimated the amount of carbon dioxide which 
was evolved in mixtures of oleic acid and a sedium bicarbonate solution 
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with and without the addition of bile salts. The addition of bile led toa 
tenfold increase in the rate of soap formation measured in terms of 
carbon dioxide evolved. The soap which is formed from the fatty acids 
which are set free as the result of the cleavage of fat undoubtedly con- 
tributes one of the most important emulsifying agencies in the intestinal 
tract. It has, however, been already pointed out that the amount of 
fatty acid which may exist as soap depends on the reaction of the 
intestinal tract. Moore and Krumbholz have pointed out that the 
proteins aid the process of emulsification. Bile mucin and the proteins 
of the pancreatic juice and succus entericus undoubtedly play an 
important rédle in maintaining the stability of the fat emulsions in the 
intestine. 

The question of the relative importance of the various factors which 
are concerned in the emulsification of fat is largely academic. There 
are too many variables to permit an accurate analysis. The rdles 
which are played by the various emulsifying agencies will vary in 
different sections of the intestinal tract. Surface tension measure- 
ments do not constitute an accurate gauge whereby the relative impor- 
tance of the various emulsifying agencies in vivo can be determined. 
Du Noiiy has pointed out the many factors which are concerned in the 
surface tension of colloidal solutions. These include: time, agitation, 
presence of electrolytes and presence of other colloids. Acidity and 
amounts of the emulsifying agents are of importance in the digestion of 
fat in the body. Allen studied the influence of acidity on the surface 
tension of urine to which sodium glycocholate had been added. He 
found that less bile salt must be added to urine in order to reduce its 
surface tension to a given figure when the reaction is acid than when the 
urine is alkaline. This would point to the importance of the bile acids 
in the upper part of the intestinal tract where the acidity is greatest. 
Bile probably plays its most important rdéle in the early stages of 
emulsification before appreciable amounts cf soap have been formed. 
As splitting of fat proceeds and under favorable conditions of acidity 
soap formation takes place, this substance probably is a very im- 
portant factor in emulsifying fats. 

Rachford has presented some interesting data relative to the mutual 
influence of bile and soap on the emulsification of oil. He finds that the 
character of the emulsion depends on the order in which bile and soap 
are added to the oil. This work however needs confirmation and inter- 
pretation in the light of modern views of the orientation of molecules. 

A method of evaluating the importance of bile in the splitting of fats 
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in the intestine consists in estimating the amount of fat which is split 
in its absence. For the purpose at hand it is fortunate that in the 
absence of bile comparatively little fat is absorbed. Mueller found 
that 75 to 88 per cent of the fat in the feces of his icteric patients was in 
the form of fatty acids. Somewhat similar results were obtained by 
Albu. Hédon and Ville studied the splitting of fat by bile fistula dogs 
and likewise found that most of the fecal lipoids consisted of fatty acids 
or their soaps. Hutchinson and Fleming studied a human case of 
congenital atresia of the bile ducts. Eighty-seven per cent of the fecal 
fat was in the form of fatty acid, the degree of splitting being nearly as 
efficient as in the normal. Although these experiments must not be 
considered too seriously from the quantitative standpoint, since most 
of them were of short duration and perhaps not sufficiently well con- 
trolled, they do, however, indicate that in the absence of bile a consider- 
able amount of fat is split. 

E. THE FUNCTION OF BILE IN PROMOTING SOLUBILITY OF FATTY ACIDS 
AND soaps. In order that substances may be absorbed from the intes- 
tinal tract they must be rendered water soluble. The possibility that 
unsplit fat may be absorbed has been pointed out but not conclusively 
proven. The view is generally held that fat passes through the intes- 
tinal wall as soap. Moore and his collaborators have shown that both 
the higher fatty acids and their soaps are more soluble in bile than in 
water. A similar view was held by Pfliiger. Moore's solubility figures 
are probably not sufficiently accurate to warrant repetition here. His 
observations are important in view of the relative insolubility of the 
higher fatty acids and their soaps in water. Of particular interest is 
the fact that sodium oleate is considerably more soluble in both water 
and bile than the soaps of palmitic or stearic acid. It indicates that 
possibly the solution of oleic acid in bile may influence the solubility of 
the two other soaps. Some support is lent to this idea from the fact 
that pure tristearin when fed is not well utilized by the animal. The 
work of Moore further shows that although the calcium soaps of the 
higher fatty acids are not very soluble in bile, the solubility is never- 
theless sufficient to constitute a factor of importance. It is well-known 
that both lecithin and cholesterol occur in bile. ‘The former is miscible 
in water and can undoubtedly be split in the intestinal tract without 
the aid of bile. If we accept the figures of Moore and Parker on the 
solubility of soaps in a mixture of bile salt and lecithin we must conclude 
that this constitutes a very effective agency in effecting solution of the 
higher fatty acids. The solubility of cholesterol in bile is slight but 
positive. 
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It is very unfortunate that more quantitative data on the solubility 
of lipoids and their split products are not available. Such data would 
undoubtedly do much to clarify our ideas as to the importance of the 
bile in the transport of the lipoids across the intestinal wall. The 
meager evidence favors the idea that one of the important functions of 
bile consists in its action as a solvent for fatty acids or their soaps. It 
would be of particular interest to study the absorption of cholesterol 
in an animal in the absence of bile. 

F,. THE FUNCTION OF BILE IN THE ABSORPTION OF FAT. When the 
flow of bile to the intestine is stopped a marked decrease in the absorp- 
tion of fat results. Bidder and Schmidt state the facts very clearly in 
the following words: ‘‘Es steht also fest dass die Galle ihrem Durchgange 
durch den Darmkanal die Verdauung und Aufnahme der mit der 
Nahrung in denselben gelangten Fettstoffe wesentlich unterstiitzt so 
dass bei mangelnder Einwirkung der Galle der bei weitem grosste 
Theil des genossenen Fettes unbenutzt bleibt und mit dem Darmkoth 
nach aussen gefiihrt wird. Aber es entsteht nun die Frage wodurch 
und in welcher Weise die Galle jenen Erfolg bewirke.’”’ Reference to 
the literature has already been made in discussing the splitting of fat in 
the absence of bile. The relation of bile to fat absorption is perhaps 
best shown in the human cases which were studied by Hutchison and 
Fleming and by Parker. In both children the flow of bile to the intes- 
tine was apparently completely inhibited from birth. The condition 
was characterized by a marked diminution in the absorption of fat. 
Levin’s animal experiments point to the same conclusion. It is likewise 
of interest to note that most all of the studies on absorption of fat in 
the absence of bile show that a small amount of fat is utilized. Both 
phenomena demand explanations. 

The statement is usually made that bile stimulates the epithelial cells 
of the intestinal wall with the result that fat absorption takes place. 
This is begging the question. The rdle of bile in promoting solubility 
of the soaps is undoubtedly one of the factors concerned. The solubility 
of sodium oleate in water may explain the partial absorption of 
fat in the absence of bile. A comparative study of the nature of the 
fatty acids in the feces of normal and icteric animals would do much to 
elucidate this question. The bile acids are easily absorbed and they 
must therefore exert an influence on the surface tension of the cell wall. 
Experiments on animal membranes to determine the influence of this 
factor on the absorption of soaps has yielded doubtful results. The 
older literature is of very little value since at that time the view was 
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still held that fat particles rather than the split products passed through 
the intestirial wall. More recently von Fiirth and Schutz worked with 
isolated loops of cat intestines and found that the sodium salts of oleic 
and stearic acid were very poorly absorbed. Bile did not materially 
assist the passage of the soaps through the intestinal wall. Croner 
believes that various portions of the small intestine vary qualitatively 
and quantitatively with respect to their ability to absorb fat. The 
upper part of the intestinal tract absorbs fat very poorly. 

McBain has shown that soap solutions are colloidal electrolytes in 
which there are in equilibrium crystalloidal and colloidal constituents 
ionized and unionized. The colloidal constituents may be in the form 
of aggregates which are termed miscellae. No experiments have been 
carried out to determine the influence of the bile salts on the physico- 
chemical equilibrium of soap solutions. If ionization is a prerequisite 
for absorption and bile influences that condition favorably, a partial 
explanation is at hand. For the present we may not venture further 
than a guess. Even though bile accelerates the passage of soap through 
the cell wall we are still at a loss to explain the phenomenon of one- 
sided permeability which permits soap to pass in one direction only. 
The problem may in part be one of cell mechanics, concerning which 
very little appears to be known. 

In attempting to account for the fat after passage through the 
intestinal wall, the chyle from the thoracic duct was collected. The 
fat which enters the circulation via the thoracic duct accounts for only 
60 per cent of the fat which is absorbed. It seems quite probable that 
some absorption takes place through the blocd capillaries. Whether 
bile affects the absorption of fat by the two paths equally is also not 
known. 

Heidenhain, reviewing the literature in 1888, realized the important 
function of bile in fat transport when he wrote: ‘“‘Die wesentlichsie 
Bedingung fur die Aufnahme der Fette ist bekanntlich die Anwesenheit 
der Calle.’”’ His explanation as to the mechanism involved is merely a 
statement of the views held at that time. These have since been dis- 
proved by Groper. 

Sperry has recently found that bile fistula dogs which were kept on 
a lipoid-free diet excreted larger amounts of fat in the feces than the 
same animals did in the normal conditions. He does not consider it 
probable that the excreted lipoids reach the intestines by way of the 
bile. It is quite possible that the fecal ouput of fat in Sperry’s normal 
animals did not represent the total fat which is excreted in the intestines 


EXTRA-HEPATIC FUNCTIONS OF BILE 139 


since some reabsorption may have taken place. This would be aided 
by bile. In the absence of the latter substance the re-absorption of the 
excretory fat may be diminished. This would lead to an increase in 
fat excretion. According to Jankau and Doyon and Dufourt, the 
feeding of cholesterol does not lead to an increase in the cholesterol of the 
bile. In fact the origin of the cholesterol of bile is not yet certain. It 
may be derived in part from the food and in part from the cholesterol 
of red blood cells. Although cholesterol is closely related chemically to 
cholic acid, there is no evidence as yet to show that the latter substance 
is derived from cholesterol. | 

The most important contribution to our knowledge of the absorption 
of lipoids and certain other substances such as the free alkaloids which 
are quite insoluble in water has been made by Wieland and Sorge. They 
showed that deoxycholic acid possesses the property of being able to 
combine with the fatty acids, camphor, cholesterol, naphthalene, 
phenol, xylol and other substances to form the corresponding choleic 
acid. Now Wahlgren has succeeded in isolating glycocholeic acid from 
bile and Gulbring has similarly prepared taurocholeic acid. Both of 
these compounds were found to contain a higher fatty acid in the mole- 
cule. On the other hand fatty acids are not constituents of the tauro- 
cholic or glycocholic acid molecule nor do the latter substances possess 
the property of being able to combine with the substances which may 
be a part of the choleic acid molecule. 

There is strong evidence which indicates that deoxycholic acid acts 
as a carrier for both fatty acids and cholesterol. Schénheimer found 
that by feeding sodium deoxycholate with fat he was able to produce a 
visible lipemia in rabbits and guinea pigs. The cholesterol content of 
the sera of rabbits was found to be greater when decxycholic acid was 
fed along with a diet containing cholesterol than when the acid was 
omitted. The experiments indicate a marked effect of deoxycholic acid 
on the rate of absorption of fat and cholesterol. We do not as yet 
possess adequate information as regards the amount of fat which may 
normally be transported in combination as choleic acid. No experi- 
ments appear to have been carried out to determine whether bile aids 
in the absorption of certain accessory food substances which are com- 
monly associated with the fats. 

(:, THE FUNCTION OF BILE AS A REGULATOR OF THE BACTERIAL FLORA 
IN THE INTESTINES. The older literature on this subject held that bile 
possessed pronounced antiseptic properties, so that its presence in the 
intestines served to regulate bacterial flora. This idea was largely 
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based on the observation that in the absence of bile intestinal putre- 
faction takes place which is indicated by the foul odors of the stools of 
individuals with biliary stasis. Modern bacteriology has shown, how- 
ever, that for many organisms bile serves as an excellent culture media. 
Beckwith was able to induce the appearance of agglutinin in the blood 
streams of rabbits by injecting typhoid bacilli into the gall bladder. 
Albu found no increase in aromatic sulfuric acid in the urine of an 
individual with a bile fistula indicating that the amount of putrefaction 
was not considerable. 

The so-called “antiseptic action” of bile in the intestinal tract is very 
largely a secondary phenomenon. Absence of bile leads to a marked 
decrease in fat absorption. The presence of large amounts of soap, 
free fat and fatty acids tends to hinder the digestion of protein by the 
‘formation of enveloping films. This leads to bacterial action, partic- 
ularly by those organisms which are concerned in putrefactive proc- 
esses. The exclusion of fat from the diet of icteric patients usually 
diminishes the amount of intestinal putrefaction. 

H. THE FUNCTION OF BILE IN PROMOTING INTESTINAL PERISTALSIS. 
The view has also been held that bile plays an important réle as a stimu- 
iator of intestinal peristalsis. The idea is founded on two facts; a, 
those individuals who have biliary obstruction are often constipated; 
b, bile when given in considerable quantities by mouth or when intro- 
duced into the colon usually acts as a laxative. The first statement is 
not conclusive since the effect of the absence of bile from the intestines 
on intestinal peristalsis is not a direct but an indirect one. The presence 
of unabsorbed fat, together with putrefactive products, in the intestinal 
tract undoubtedly influences the tonus, particularly in those individuals 
with a low intestinal gradient. The experiments of Schiipbach, Young 
and Ott and Scott show that bile exerts but little influence in stimu- 
lating peristalsis of the small intestines. Schiipbach’s work indicates 
that it may even have a slight inhibitory action. 

There is little doubt that bile, when introduced into the colon, acts as 
laxative. According to Singer and Glaessner, introduction of cholic 
acid or the bile acids into the rectum of the dog or the human leads to 
peristalsis of the large intestines and defecation. Ott and Seott and 
Schiipbach have come to the same conclusion. ‘These experiments do 
not prove that bile normally plays a réle in stimulating contraction of 
the colon. The bile acids appear to be quite completely absorbed. 
Qualitative tests for bile acids in the feces of normal individuals indicate 
that only minimum amounts are present. According to Rosenberg 
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neither the presence of bile nor pancreatic juice in the stomach causes 
vomiting. 

I. FUNCTION OF BILE AS REGARDS ACTION OF CATHARTICS. Certain 
cathartics in the absence of bile do not cause purgation. Stadelmann 
has shown by experiments on bile fistula dogs that podophyllin, rhubarb 
and certain soaps act only when the flow of bile to the intestine is not 
interrupted while calomel, aloes and senna will induce catharsis even 
though bile is absent. The phenomenon is probably one of bile solu- 
bility. Mention has already been made of the probable transport of 
free alkaloids by bile. The experiments of Knick and Pringsheim 
showing that certain drugs such as menthol when given per os are found 
in the bile point in the same direction. 

Besides having the functions which have been enumerated and which 
appear to depend almost wholly upon the presence of bile salts, the bile 
also acts as a excretory vehicle, particularly for bilirubin and biliverdin. 
This subject has been sufficiently discussed by Whipple to need no 
further mention here. 

J. THE IMPORTANCE OF BILE FOR LIFE PROCESSES. ‘This may perhaps 
be shown in those conditions in which the normal flow of bile is inhibited 
either by obstruction or withdrawal as in the bile fistula animal. 
Whipple has found that bile fistula dogs very often develop a condition 
of bony abnormalities which is characterized by a loss of the inorganic 
constituents of the bony framework. He points out that possibly the 
bile may be concerned with the mineral metabolism of the bedy. 
Whipple does not indicate through what channel the inorganic elements 
are lost. Bile fistula dogs may tolerate the exclusion of bile for con- 
siderable periods of time provided great care is taken as regards the 
diet which is fed. They cannot exist on the food which is fed to the 
average normal dog. Whipple points out that bile fistula dogs with tiny 
fistulous tracts may live for long periods in perfect health and function. 
Brakefield and Schmidt have shown that inhibition of the flow of bile in 
dogs by obstruction leads to extensive morphological changes in the 
liver. 

Schwann as early as 1844 concluded that bile is essential for life proc- 
esses and Whipple with certain minor reservations comes to the same 
conclusion. The writer agrees with them. 
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THE GROWTH CURVE IN ANNUAL PLANTS 


H. L. VAN DE SANDE-BAKHUYZEN anp CARL L. ALSBERG 
Food Research Institute and Department of Botany, Stanford University 


A plant is an organism that with the help of its chlorophyll uses the 
radiant energy of sunlight to manufacture from carbon dioxide and 
from the salts and the water taken in, the substances which build up its 
body. It is dependent, therefore, not merely upon the varying solar 
radiation, but also upon the varying moisture, salt content and tem- 
perature of the soil, as well as upon the varying humidity and tem- 
perature of the air. An animal, on the other hand, is much more 
independent of its external milieu. The two kinds of organisms differ, 
furthermore, in that in animals all the organs are present very early in 
development, while in plants there is increasing differentiation into roots, 
leaves, stems, flowers and fruits as the plant grows older. The rate at 
which this differentiation in plants takes place and the form and struc- © 
ture finally attained by the organs depend to a large extent on external 
conditions. It is therefore understandable that botanists have con- 
sidered plants largely in connection with changes in their environmental 
conditions, and this tendency was encouraged by the importance for 
agricultural purposes of studying plants under natural conditions. 

Plants being the playthings of their changing external milieu, it is 
difficult to discern the laws which are fundamental for their growth. 
However, the influence of external variations on observations made on 
growth may be eliminated by calculation of the correlation coefficients 
for different external factors and thus obtaining normal values (de 
Vries (80), Vyvyan (81), Gregory (25)). Or the variability of external 
conditions may be eliminated by growing plants under constant condi- 
tions, i.e., constant illumination, constant temperature, moisture of the 
air and soil, salt supply, ete. The experiments carried out within the 
last few years (literature quoted by Pfeifer (63), Maximow (50), van de 
Sande-Bakhuyzen (1)) prove that it is possible to grow many plants 
from seed to seed in constant light, the other conditions being constant 
as well. Gradually a physiology of plants under constant conditions 
will be developed. After having thoroughly studied the behavior of 
plants under such conditions, we may then change the conditions and 
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study the processes at some other constant level. Only after we have 
obtained an insight into the internal processes as they go on independent 
of external changes, will we be able to understand the influence of 
changing external conditions upon the same processes. A beginning 
only has been made in disentangling the growth processes of plants 
grown under field conditions and hitherto very little has become known 
concerning the growth processes of plants under constant conditions. 
In this paper the influence which the external climatic or edaphic factors 
exert on plant growth will not be discussed, but the attempt will be made 
to derive from the data existing in the literature a picture of these 
growth processes of annual plants as an expression of the effects of 
internal processes. 

GROWTH CURVES AND THE RELATIVE GROWTH RATE. Sachs (71) 
distinguished three different phases in the growth cycle of a single plant 
cell: 

I. The period in which the cell is split off from its mother cell and in 
which it increases its protoplasmic content. 

II. The period in which it grows to its final length. 

III. The period of differentiation. 

The curve which represents the increase in length of the cell during 
the second period has the peculiar shape of an optimum-curve, the curve 
which represents the length itself has an S-shape. This period is 
called the “grand period.” 

This grand period can be recognized in every cell or complex of cells 
(organs) which attains a final length. There is thus a grand period of 
growth in the coleoptiles of Gramineae, in the internodes, in the leaves, 
etc. Indeed, the growth curve of an annual plant shows the same shape. 
In an organ as well as in the whole plant the same three periods can be 
recognized, while all three periods can be found simultaneously in the 
same plant. 

As growth in length is but a uni-dimensional measure, the determina- 
tion of the mass of a plant (fresh-weight or dry-weight) is a better 
measure of quantitative growth. As, however, the water-content of a 
plant shows considerable variation, due to fluctuations of external 
conditions, it is of the utmost importance to deal with dry-weights in 
plants. In the years 1875-1880 a large number of experiments were 
carried out by the different experiment stations in Germany in order to 
determine the existence of a grand period. We will return to these 
publications later. In this paper, therefore, dry-weight curves will be 
discussed especially. 
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Since the time of Sachs, a number of formulae have been proposed to 
express the form of the growth curve. Thus Stefanowska (73, 74) and 
Chodat (17) found that the first part of the dry-weight curve can be 
represented by an hyperbola. Beginning with 1907, a series of papers 
were published by pupils of Noll on the “‘Substanzquotienten” (26, 
27,40). They propose the formula W, = W, (1+ c)", in which c is the 
“Substanzquotient,” the number of weeks, W, the dry-weight at the 
time n, W, the initial dry-weight of the seedling. This formula holds 
“Wenn die Pflanze das produzierte Material stets und in derselben 
Weise wie das vorhandene an der Produktion neuer Stoffe teilnehmen 
liisst, also gewissermassen ihre Ertrignisse zum Betriebskapital 
hinzufiigt”’ (Gressler (26)). If the dry-weight at the beginning of a 
week be designated as W,, and at the end of the week as We, then 
c+l1 = ue In these investigations it was found that prior to the 
time of formation of the reproductive organs, the dry-weight increased 
geometrically. After the formation of the flower it increased more 
rectilinearly. 

Schuepp (75) in 1914 found that the first part of the growth curve 
of leaves, internodes and petioles resemble exponential curves, though 
the manner in which Schuepp obtained his curves may be open to 
criticism. In order to account for this form of curve, he assumed the 
amount of assimilates formed to be proportional to the growing sub- 
stance: “Es wiire also fiir die Wachstumsvorgiinge characteristisch, 
dass das Produkt der Wachstumstiitigkeit sogleich wieder zum Pro- 
duktionsmittel wird (Zins und Kapital).” 

Blackman (4) (1919) put the question more clearly by formulating 
his law of compound interest: ‘If the rate of assimilation per unit area 
of surface and the rate of respiration remain constant, and the size of 
the leafsystem bears a constant relation to the dry-weight of the whole 


plant, then . . . the plant in its increase will follow the compound 
interest law.” This formula becomes 


W, = W,.e™* (1) 


in which W, is the final dry-weight, W, the initial weight, 7 the rate of 
interest, ¢ the time and e the base of natural logarithms. The advantage 
of this formula is that it does not assume that the new material formed 
is added discontinuously at the end of the period, as do the formulae of 
the “Substanzquotienten” and of Schuepp. ‘“The value of r repre- 
sents the efficiency of the plant as a producer of new material and gives 
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a measure of the plant’s economy of working;’’ “the efficiency index r 
is comparable to the velocity constant of a chemical reaction.’’ Black- 
man, however, attributed too great a significance to the efficiency index. 
The efficiency index for an infinitely brief period, whatever the form of 
the growth curve, is equal to the relative growth rate r: 


r=—.— = — log, W (2) 
dl 


If we pass from infinitesimal differences to finite differences, the equation 
(2) takes the form: 
log. W2 — log. W, 
te — 


(3) 


in which r is the relative growth rate and W, and W». consecutive ob- 
servations at the time ¢; and fs respectively. 

Formula (3) shows that as long as the dry-weight curve is exponential, 
r remains unchanged, however large f2—¢; may be. 

Briggs, Kidd and West (9, 38, 83), however, showed that the relative 
growth rate is not constant throughout tke life cycle and that the 
relative growth curve may show an ascending limb, a horizontal part 
and a descending limb. It is therefore obvious that the efficiency index 
is only an average of the relative growth rates 7), 73. Which 
the plant shows at different moments. We may then write (1) as 


(4) 


Therefore Blackman’s efficiency index must be written as 


Where the relative growth rate is constant the plant accumulates dry- 
weight according to the compound interest law. In this case the 
relative growth rate must be calculated thus: 


log. — log. W; 


(3) 
ty ty 


in which ¢;—¢,; may have any value. The following formula is also a 
good approximation as the calculations of Fisher show: 
+ 


(5) 
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if it be assumed that the part of the curve between W, and W, can be 
represented without considerable error by a straight line. When the 
leaves are fullgrown and the growth rate in consequence becomes more or 
less rectilinear, formula (5) is the better approximation, though (3) 
gives but sight errors. If in calculating the relative growth rate formula 
(3) be used, the only assumption made is that through two consecutive 
observations an exponential curve can be drawn which will not deviate 
materially from the actual growth. This assumption, however, bears 
no relation whatever to the question whether or not the plant works at 
compound interest. It seems therefore necessary, for the reasons just 
given, to drop the term “efficiency index”’ which assumes that through- 
out the life cycle the plant accumulates dry-weight at compound interest. 
That the efficiency index is devoid of the character of a physiological 
constant has been pointed out by Kidd, Briggs and West (38, 83). 
They reached this conclusion by determining that the relative growth 
isnot constant. We shall see later that the factors which determine the 
relative growth rate of a plant grown under constant conditions, have 
true physiological significance. 

Noll’s pupils and later Schuepp and Blackman, correlated the increase 
in dry-weight with the total dry-weight present as the total interest is 
correlated with a given capital. However, as Briggs, Kidd and West 
point out, in plants not the total capital (i.e., total dry-weight) is pro- 
ductive in producing interest (increase in dry-weight). Only the parts 
which are actually engaged in photosynthesis, i.e., mainly the leaves, are 
so engaged. Blackman (4) had pointed out previously that r is deter- 
mined by the relation which the leaf system bears to the dry-weight of 
the whole plant. Only a portion of the plant is assimilating, i.e., 
producing interest. This percentage of the whole plant is represented 
by the quotient obtained by dividing the total leaf area or leaf dry- 
weight by the total dry-weight. This quotient has different values 
at different periods. 

Consideration of observations on the growth of yeast cells will per- 
haps make the proposition clearer. As long as external conditions are 
constant and optimal, the number of cells in a population of growing 
yeast cells increases exponentially as Slator (72) found. The relative 
growth rate in such a population can be expressed by the formula: 


in which n is the total number of cells,dn the increase of the total number 


& 
n ¢ ( p 
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of cells in the period dt, p the number of cells actually engaged in 
multiplying. If dt is not too brief and the population is large enough 
and the conditions are optimal, p will equal n, 1.e., all the cells will multi- 
ply. The number of cells produced by a single cell engaged in multi- 
plication per unit of time, or the time between two divisions of a 
single cell, is constant. Therefore the product of these two constants, 
the relative growth rate, also remains constant, i.e., the number of 
cells increases exponentially. Now if conditions become infra-optimal, 
the relative growth rate will decrease. In this case we may assume that 
owing to Os» deficiency (A. Brown (14), H. T. Brown (15)) not all the 
cells are actually engaged in dividing, but that as time goes on an 
increasing percentage p/n passes over into a resting stage (Priestley and 
Pearsall, 65). If the average rate at which division occurs remains 
constant (or decreases), the relative growth rate decreases. The number 
of dividing cells (p) may still increase, though p/n, their ratio to the 
total number of cells, p,n, decreases. Finally p will become constant for 
a time and then approach zero, i.e., the total number of cells no longer 
shows any increase. In this way an S-curve is obtained for the total 
number of cells present in the culture as it multiplies, and an optimum 
curve for the absolute rate of increase of the number of cells. 

A plant with leaves, roots, etc., withits numerous cells is derived from a 
single cell: the fertilized egg-cell. In the beginning of development 
nearly every cell is in a meristematic condition and all the cells produce 
new cells. Gradually, however, differentiation occurs, so that the 
seedling is differentiated into meristematic tissue, cells which still are 
able to divide and cells which no longer divide. Now the amount of this 
meristematic tissue may remain nearly constant for a long time. There- 
fore the differentiation into meristematic and non-dividing cells offers 
no possibility of accounting for the S-shaped growth curves obtained 
by plotting the growth rate of the whole plant. In the case of the 
increase of a population of yeast cells under optimal conditions and 
unlimited food supply, the rate of increase of the total number of cells 
is limited by the rate of division of the single cells, which itself depends 
upon the rate of assimilation of the organic material supplied by the 
nutrient solution, etc. Equation (6) merely means that for a yeast 
population the relative growth rate is the product of this rate of assim- 
ilation multiplied by the quotient obtained by dividing the number of 
active or assimilating cells (productive capital) by the total number of 
cells. Under infra-optimal conditions in a yeast population the limiting 
factors are the assimilation of each assimilating cell and the number of 
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such cells. The medium of a green plant, however, does not supply 
organic material to the plant. The green plant must manufacture its 
own food. In such a plant the productive cells, producing interest, 
in this case dry-weight, are the cells containing chlorophyll. These 
cells are able to manufacture with the help of CO, and light the or- 
ganic material necessary for growth. We can imagine a green plant 
to consist of a population of cells, some of them productive in manu- 
facturing organic material; these cells are the leaf cells distributed 
over one or more leaves. A unit of such a complex of productive cells 
can be represented by a unit leaf area, a unit leaf dry-weight or a 
unit amount of chlorophyll. Therefore, in a green plant the limit- 
ing factors are the assimilatory capacity per unit of leaf area or unit 
leaf dry-weight and the total leaf area or leaf dry-weight. The rela- 
tive growth rate can therefore be written as: 


1 4d d 1 L, a 1 Lw 
(7) 


in which W represents the dry-weight, dW the increase in dry-weight 
in the period dt, L, the total leaf area and L, the total leaf-dry- 
weight. This equation is merely the analogue of formula (6). 

Briggs, Kidd and West (9, 10, 38, 83) apply the term ‘Unit Leaf 


1 , 
Rate”’ to a: L’ the assimilatory capacity per unit of leaf area or 


unit leaf dry-weight. In the present paper it is termed U.L.R, if it is 
expressed in terms of unit of area (em?) or U.L.R,, if it is expressed in 
terms of unit of leaf dry-weight (1 mgr). The three authors above cited 
call the quotient the Leaf-Area ratio, a term which does not express 
clearly what is meant. One of us has proposed to call this quotient 
the ‘‘structural efficiency”’ as it represents the efficiency of a plant in 
producing interest, determined by structural differentiation (van de 
Sande-Bakhuyzen (1)). The importance of structural differentiation 
as a factor in growth was pointed out by Enriques (22) in 1908. Hence 
the relative growth rate is the product of two independent variables 
with true physiological significance, the Unit Leaf Rate and the 
structural efficiency. 
Formula (7) can also be derived from the following formula: 


—=—-— X Ly = —-— X lw (8) 
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which is obvious in itself; however in order to understand the significance 
of the relative growth rate, which presents definite advantages in 
analyzing the growth curves of plants, it was necessary to digress. 

In formula (7) the loss of organic matter caused by respiration was 
not considered. Respiration throughout the life cycle of Helianthus was 
studied by Kidd, West and Briggs (39), of cotton by Inamdar, Singh 
and Pande (33). They found that the respiration per unit of dry-weight 
(respiratory index) follows closely the relative growth rate or the rela- 


tive proportion of leaf to stem, this being a good measure of the ratio 
living cells Theref Dat 
erefore the respiratory index, 


a. oF in which Ddt is total dissimilation, “a” epproximately a constant, 


is equal to 


and L the leaf area or the leaf dry-weight. As the net gain in dry-weight 
is the difference between the organic matter formed by photosynthesis 


and the matter lost by respiration, the Unit Leaf Rate can be written 
thus: 


Ldt 


dW Adt—Ddt  Adt—abdt A 


in which A dt is the rate of real assimilation, Ddt, the rate of respiration, be- 
L 
ingequal to Wdt X a Ww aLdt. Hence the value of the Unit Leaf Rate 


is always lessened by a constant value “a,” and therefore the observed 
values of the relative growth rate are always too low. Though the 
respiratory index has been determined under laboratory conditions, the 
relative growth rate has been determined upon plants grown under field 
conditions. Therefore the experiments ought to be repeated upon 
plants growing under constant conditions. We may conclude then 
from our discussion that the relative growth rate is the product of two 
independent variables, the Unit Leaf Rate and the Structural Efficiency. 
Having formulated the problem, the next step must be the analysis of 
each of these variables. 

Briggs, Kidd and West (9, 10) have made such an analysis using the 
data recorded in the investigations of the German experiment stations 
mentioned above They recalculated in particular the data upon 
maize reported by Kreusler (44, 45, 46, 47), the most prominent botanist 
among this group of investigators. In most of these German investi- 
gations the fresh-weight and dry-weight of entire plants and of different 
parts are given together with the leaf area, dates of appearance of 
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inflorescences, of fertilization, and of the development of kernels. Data 
upon the weather conditions, the moisture of soil, etc., are also recorded. 
The period between two consecutive observations was nearly always 
one week; if it was not, calculations were made by Briggs, Kidd and 
West to reduce this interval to one week. 

The writers have also made extensive calculations based upon the 
data dealing with maize given by Kreusler and upon the data of other 
investigators dealing with other crop plants as well as maize. How- 
ever, the data given by Kreusler (45, 46) are the most complete, as they 
include the dry-weight of the leaves. The data of Hornberger (29) 
are the same as those of Kreusler and Hornberger (46) but they are more 
complete. The results of the calculations made by the writers upon the 
data of the experiments of Kreusler and Hornberger, published by Horn- 
berger in 1882, have been selected for presentation in the appended table 
as representative of the calculations that have been made, for Kreusler 
states that all the experience gained in the preceding years was brought 
to bear upon the experiments of 1878. The data for maize in the other 
papers show but minor differences from those of the table, due to the 
weather and the like. 

The values of the relative growth rate, of the quotient obtained by 
dividing the leaf area by the total dry-weight, and of the Unit Leaf Rate 
have also been calculated by Briggs, Kidd and West. Where our cal- 
culations differ from theirs, this will be mentioned in the following 
pages. For calculating the relative growth rate Briggs, Kidd and West 
did not use either of the formulas (3) or (5) but the formula 
W. Wi 1 


Wi dl 


y= 


This formula assumes that the interest is added discontinuously to the 
capital or the plant. It is therefore more like the Substanzquotient 
(W, = W, (1+c)‘) than the relative growth rate as above formulated. 
R. A. Fisher of Rothamsted (23) showed that their formula yields quite 
exaggerated values for ‘“‘r’’ because the dry-weight W. may often be 
more than twice as large as W;. The relative growth curves are there- 
fore actually less steep than the three authors found them. This 
point will again be considered in analyzing the phenomena at the time 
of flowering. In this paper the relative growth rate has been calcu- 
lated throughout according to formula (3). 

UNIT LEAF RATE. In order to calculate the unit leaf rate, the total 
increase in dry-weight during a week is divided by the mean leaf area 
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during this period. As the total leaf area increases at first exponentially 
the U.L.R. can be calculated by either of the following equations: 


dW dW 1 dL Ws — Wy loge La — log. Ly 


or 


Ww W:-W 1 
Ldt + tle th 


(10) 


As above pointed out, both of these forms give good approximations. 
Now Briggs, Kidd and West (9) and Brenchley (5) calculate the dry- 
weight of the whole plant after germination as the dry-weight of the 
plant itself plus the dry-weight of the seed residuum. As due to high 
respiration in the young plant not all the foodstuffs lost in the seed are 
used quantitatively to build up new tissue, it is obvious that the relative 
and absolute increase in dry-weight is for a time negative. For maize 
this period lasts about 3 weeks, for peas (Brenchley, 5) according to 
the temperature 1 to 7 weeks. In maize this loss in dry-weight of the 
original seed may even last until the sixth week (table 1, col. 11), a 
time when the plants are about to develop their flower primordia. It is 
certain that a good deal of this loss in dry-weight of the seed must be 
ascribed to leaching out of foodstuffs into the soil (Hornberger, 29). 
It seems to us, therefore, more rational not to add the dry-weight of the 
seed residuum to the dry-weight of the plant. Moreover, the growing 
cells live as parasites not only during the stage of germination, but 
throughout the life cycle, since they have to build up the tissues from 
sugars, amino acids, etc., supplied by the seed or the rest of the plant. 
Calculating the U.L.R., in this way a very high value for the early 
stages of growth (table 1, column 5) is obtained, though its value is not 
as high as might be expected from the value of the sum of the photo- 
synthesis of the plant itself and the food supply of the seed. As already 
stated, this is probably due to loss of a part of this supply in respiration. 
From the fact that the increase in dry-weight per square centimeter leaf 
area of the young plant plus original seed is negative or very low in the 
early stages, Briggs, Kidd and West (9, 10) draw the conclusion that 
the assimilatory power of the young leaves remains negligibly small for 
some time after their first appearance. To draw this conclusion from 
the data of Kreusler seems, however, unjustifiable, since the increase is 
considerable if in the calculation the seed residua are not added to the 
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dry-weight of the plant. Moreover the data of Briggs (6, 7) and the 
data of Irving (34) (whose conclusions Willstatter and Stoll (86) reject) 
which Briggs, Kidd and West claim to be in full agreement with their 
conclusion, as a matter of fact show a small value for the assimilatory 
capacity only in the first few days after the young leaves have attained 
their full green color. Moreover, the assimilatory capacity of leaves at 
different stages of their growth requires a more thorough investigation 
upon material grown under constant conditions, since the opening of the 
stomata and the amount of chlorophyll present (Willstiatter and Stoll 
(86)) seem to change with the age of the leaf. Briggs, Kidd and West 
(10) correlated the fluctuations of the U.L.R., calculated from the data 
of Kreusler, with the environmental conditions and. found that the 
correlation with the mean weekly temperature was the most significant. 
In the data given in the table the assimilatory capacity of the leaves 
seems to be correlated with the leaf area, as the U.L.R., (table, column 5) 
remains fairly constant. In other data of Kreusler however the fluctua- 
tions of the U.L. R., seem too large to be accounted for by climatic 
conditions alone, but if the assimilatory capacity per milligram leaf 
dry-weight (U.L.R.«), be calculated the values show much more reason- 
able fluctuations and the trend shown, by the U.L.R., disappears. The 
total leaf dry-weight 
total leaf area 
uously with age, as can be seen also in column 4 of the table. In cotton 
total leaf dry-weight an 
total leaf area 
changes with the age and is an expression of the thickness of the leaves, 
which increases as the value of the quotient increases. They conclude 
from their observations that in cloudy weather assimilation in cotton 
is determined by the leaf area but that in bright sunshine the leaf 
weight is the determining factor, as in this case the chloroplasts of the 
lower layers of the leaf can also absorb a quantity of radiation suff- 


cient for photosynthesis. Formula (7) can therefore be written for the 
relative growth rate as: 


reason for thisisthat the quotient increases contin- 


(Inamdar, Singh and Pande, 33) this quotient 


dWw dw La Lw 
11) 


Now in each of the three series reported by Inamdar, Singh and Pande 


upon cotton - was constant for several weeks after germination. Asin 


the first series (bright sunshine) photosynthesis was determined by the 


Wdt Lw W 
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L,,, the relative growth rate, calculated by formula (11), should remain 
approximately constant. This was actually the case. In series II and 
III (cloudy weather) photosynthesis was determined by the leaf area. 


Therefore, the relative growth rate must depend on the ratio =. 


In these cases also there is good agreement with theory since the two 
values run parallel. 


In wheat grown under constant conditions the quotient a increases 


la 

with the age of the plant; this is because the upper leaves show a larger 
quotient from the beginning of their development than the lower leaves 
(unpublished data). 

For barley, Gregory (25) found that ‘‘up to the moment at which the 
maximum leaf area occurs, over 80 per cent of the variations of the 
U.L.R. could be accounted for by changes in climatic conditions.”’ 
During this period the U.L.R. remained constant and was not even 
affected by quintupling the nitrogen supplied. It seems therefore that 
up to the time of flowering the assimilatory capacity of the leaves as a 
whole does not change very much if external conditions are constant. 
In some cases this capacity must be calculated from the total area, in 
other cases from the total dry-weight. In the latter case still better 
results may sometimes be obtained by calculating the increase of dry- 
weight per unit of weight of chlorophyll present (Willstitter and Stoll). 

Weber (82) calculated the daily increase of dry matter by the formula 


W, Wi 
Ii + + Ls- +++ + Ly 


in which W, is the initial dry-weight, W, the final dry-weight and 
L,, In, L; . . . L, the leaf area measured on successive days. As this 
formula asumes the U.L.R. to be constant throughout the total life 
cycle, the value obtained is the average U.L.R. for the whole period. 
The method is therefore not very accurate since the U.L.R. is largely 
affected by the flowering period, as we will see later. 

THE LEAF AREA. As the relative growth rate is merely a measure 
of the slope of the dry-weight curve in that it is independent of the 
values of the absolute dry-weights, the leaf area itself must next be 
considered. 

Formula (8) brings the leaf area into relation with the absolute in- 
crease in dry-weight. 
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Formula (7) for the relative growth rate: 


dw 1 dw 1 L 


shows that if the U.L.R., is constant, as is the case prior to the time of 
_ is proportional to the relative growth rate. If the latter 
is constant, i.e., if the dry-weight curve is exponential, W is propor- 
tional to L,, i.e., Ly also increases exponentially. As in this case 


aria = 1, or — = rW, the absolute rate of increase in dry-weight 


flowering, 


= is also proportional to the leaf-area. The same can be said for the 


L,, if the U.L.R.. is constant. 

In Cucumis sativa Gregory (24) found that the general trend of the 
total leaf area curve could be represented very well by an exponential 
curve during the first 24 days; later, however, the relative growth rate 
of the leaf surface () falls off, so that the final leaf area can be repre- 
sented by the formula 


tt 
p2 + ps (12) 


in which a is a constant. This formula yields an S-shaped curve for 
the total leaf area, if the rate at which p falls off lies within certain 
limits. The same objections that were made above in the paragraph 
dealing with the relative growth rate to the term “efficiency index” 
hold here also. Therefore it is desirable to avoid the term “efficiency 
index of leaf surface”’ or ‘‘extended form of the compound interest law,’ 
terms used by Gregory. 

Since the curve which represents the area of a single leaf on successive 
days is also S-shaped, as it is in every organ that attains a final length, 
the total leaf area curve is the resultant of a succession of S-shaped 
curves, though the general trend of the total leaf area curve is also S- 
shaped (Gregory, 24). 

Gregory, who has presented a very clear picture of leaf growth as 
dependent upon internal and external factors, found a high negative 
correlation between the relative growth rate of leaves (barley) and the 
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total radiation of the light. For Cucumis he says: ‘“The average leaf 
area attained by a cucumber plant is proportional to the total radiation 
falling on unit area during the period of growth.’ That this cannot be 
ascribed to a change in the magnitude of the U.L.R. (‘net assimilation 
rate’) was proven for barley by calculating the partial correlation 
coefficient between the total radiation and the relative leaf growth, 
after correcting for the fluctuations of the unit leaf-rate. But, though 
the net assimilation rate per square centimeter leaf area itself exerts 
apparently no influence upon the relative growth rate, the total assimila- 
tion must be one of the most important factors determining the absolute 
or relative rate of leaf growth. Another internal factor largely govern- 
ing leaf growth is the relative nitrogen-content of the leaves 
(Gregory, 25). 

The absolute increase in leaf area continues until about the time of 
flowering, when there is a sudden drop in the absolute area of the leaves 
which continues until all the leaves are dead. ‘Therefore the curve of 
the total leaf area takes the form of an optimum curve. The descending 
limb of this curve will be discussed later. 

If for ain (12) L., the area of the cotyledons, be substituted, it becomes 
clear that the leaf area at any moment depends upon the value of L,. 
“The plants with large cotyledons should gain a start over the plant 
with smaller cotyledons, and this extra start should persist throughout 
the development of the plant’ (Gregory). Formula (12), substituting 
L, for a, implies that this relation must be rectilinear if the relative leaf 
growth is independent of the absolute area of the cotyledon. This 
might not be the case if the cotyledon acts as a storage organ for organic 
food (cucumber, etc.). 

For the dry-weight of the total leaves a formula analogous to (12) 
can be developed. Indeed, the dry-weights of successive leaves are 
determined by the dry-weight of the first leaf; a very close correlation 
was found by one of us for wheat grown under constant conditions 
(unpublished data). 

If the dry-weight of the leaves bears a constant relation to the total 
dry-weight of the plant (L./ W= constant, i.e.,equal to or less than 1), 
the dry-weight curve must run parallel to the leaf-weight curve, whether 
the net assimilation rate be determined by the unit leaf area or the unit 
leaf dry-weight. The leaf area curve depends in this case upon the 
quotient L,/L,. If, however, the quotient L,./W changes, i.e., if the 
organic matter formed by the leaves is not equally distributed over the 
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leaves and the rest of the plant, the analysis of the dry-weight curve of 
the total plant becomes more complex. 


STRUCTURAL EFFICIENCY. As the structural efficiency is an expres- 
sion of the distribution of the organic matter between the leaves and the 


rest of the plant, its value can be represented by the quotient 4 or 


more simply by Ww which can be written thus: 


L_ L 1 


(13) 
I 


in which L represents the dry-weight of the leaves, R of the roots, S 
of the stems, and J of the inflorescences. Whether this quotient de- 


creases or increases, depends upon the interrelations in the changes of 
4 and = As at some stages the three quotients may all change 


simultaneously in different ways, it is advantageous to consider the 
change of each quotient by itself. Column 8 of the table gives the 
quotient of leaf dry-weight and the dry-weight of roots + tops (seed 
residua excluded). This rises between the 3rd and 6th week from 42 to 
56.8. If the seed residua are included with the dry-weight of the plant, 
the quotient increases from 16.5 to 56. Now the quotient calculated 
for leaf dry-weight and tops alone (roots and seed residua being ex- 
cluded) rises only from 57 to 63 (column 9), which is not significant. If 
the different quotients of the denumerator of formula (13) be calculated 


for this period, we find that the quotient ; remains approximately 


constant (decreases about 20 per cent) while : decreases from 0.64 to 


0.17. Simple calculation shows that the decrease of the latter quotient 
is equivalent to a rise of the top/root ratio. Column 10 of the table 
shows that this ratio increases from the 3rd to the 6th week from 2.7 to 
9.7. It is therefore the increase of the top/root ratio which accounts 
for the increase of the structural efficiency and of the relative growth 
rate of maize.!. That the relative growth rate must be closely related 


1 Other data upon maize in the literature show this more clearly than the 
appended table, since the value of the relative growth rate between the fifth and 
sixth weeks in the table is due in part to increase of the top root ratio, and in part 
to high value of the U. L. R. caused by a high mean weekly temperature. 
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to the top/root ratio is clear, as the roots are non-productive capital. 
Therefore the productive capital incrgases if the top/root ratio, or 


better still > increases. Herein the assumption is made that root 


development in the early stages of the life cycle is not a limiting factor 
for the assimilatory capacity of the leaves. 

It is difficult to say whether or not the increase in relative growth rate 
is always due to an increase in structural efficiency going parallel with 
an increase of the top/root ratio. In Sinapis (Hornberger, 30) caleu- 
lation shows that this ratio as well as the structural efficiency do not 
increase, nor does the relative growth rate. In peas (Brenchley, 5) 
grown during the summer the relative growth rate increases, while the 
top/root ratio also rises. 

This parallelism does not hold for one of the experiments on cotton 
by Inamdar, Singh and Pande (2nd series), where the increase in relative 
growth rate is due to the fact that the leaves become thinner (more area 
per gr. leaf dry-weight) while their assimilatory capacity is determined 
by their area. The top/root ratio decreased in this experiment at the 
time when the relative growth rate increased. Inspection of the data 
for the remaining series shows that increase of the top root ratio 
(decrease of relative root development) coincides with the development 
of thicker leaves and vice versa. 

It seems, however, that in many cases the top, root ratio plays an 
important réle in determining the increase in the relative growth rate. 
If the latter increases, the dry-weight curve itself rises with a slope 
steeper than that of an exponential curve, a slope which increases 
gradually until the maximum of the relative growth rate is reached, at 
which moment it becomes exponential. The more rapid the increase of 
the top/root ratio becomes some time after germination, the steeper the 
increase of the relative growth rate, provided the relative stem develop- 
ment remains constant. In plants that live long, such as trees, this 
top/root ratio remains low or constant for several years. In Picea, for 
example, it remains constant for 25 years, according to data quoted by 
Huber (31). There is much evidence that for different plant species 
grown under optimal conditions this ratio is closely connected with the 
length of the life cycle, from which we might perhaps conclude that the less 
steep the initial rise in the relative growth curve (and therefore also in. 
the absolute dry-weight curve), the longer the plant’s life, or that the 
steeper the dry-weight curve at the beginning, the shorter the plant’s 
life. 
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In annuals the rise of the top/root ratio is counter-balanced after 
some time (or the quotient : in (11) becomes negligibly small) by the 
increased development of the stems and inflorescences. While the stem 
may develop for some time proportionally to the leaves (column 9 of 
the table shows this to be the case for maize for 8 weeks), as soon as the 
inflorescences begin to develop the relative growth rate of the leaves 
falls off and the structural efficiency decreases markedly (column 8 of 
the table after the 8th week). This corresponds to a decrease of the 
relative growth rate. After the relative leaf growth rate has become 
zero, 1.e., after the leaf area has reached its maximum, the absolute 
increase in dry-weight may remain about constant as long as the 
leaf area remains constant, while the relative growth rate falls off 
rectilinearly. Usually, however, the phenomena which occur at the 
time of flowering interfere. 

THE FLOWERING STAGE. Kreusler (44, 45, 46, 47) and co-workers 
(13, 30, 41, 57, 58, 59, 60, 84) found that a minimum of the increase in 
dry-weight occurred at the time of the first apparent fertilization or of 
the first development of the kernels in different species such as maize, 
potatoes and white mustard. Kreusler ascribes this minimum to an 
increase in respiration at this time, so that the net gain in dry-weight 
must be less then during the preceding weeks. Calculations based on 
the data of Kreusler and of eight other investigators dealing with the 
increase in dry-weight in maize show that this minimum occurs at the 
time at which 100 per cent female inflorescences are present, 10 or 
more plants having been harvested each week. This time lies between 
the week during which the maximum number of new inflorescences 
appear and the week during which the maximum number of inflores- 
cences are apparently fertilized and is therefore closely connected 
with flowering or the moment of actual fertilization. Not only is the 
total increase in dry-weight minimum, but also the U.L.R. per unit 
leaf area or per unit leaf dry-weight (column 3 and 5 of the table. 
Week 11-13). This minimum is reflected in the relative growth rate 
curve, which since the first development of the inflorescences has been 
descending (column 6 of the table). A less pronounced minimum 
occurs at the time at which 100 per cent male inflorescences are present 
(columns 3 and 5 of the table. Week 9-10). 

Briggs, Kidd and West (9) in calculating the relative growth rates of 
maize from the data of Kreusler found ‘‘two subsidiary maxima super- 
posed on the descending limb;’’ these maxima, they state, ‘‘coincide 
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with the time of the record of the appearance of the male and female 
flowers respectively. The minima which precede these maxima cor- 
respond with the earliest stage of flower development and are possibly 
due to increased respiration during that period.” If, however, we 
calculate the relative growth rate correctly (see p. 159), the minima, 
especially those for the male inflorescences become less marked, though 
there is a fluctuation in the relative growth rate at the time at which the 
first female inflorescences are observed. The time recorded by Kreusler 
for the first appearance of the male and female inflorescences in the 
case of the experiments on which our table is based is the 9th week; 
the minimum alleged by Briggs, Kidd and West to be connected with 
increased respiration lies, however, between weeks 7 and 8, the maxi- 
mum between weeks 8 and 9. This maximum can also be recognized 
in the U.L.R., and U.L.R.,. (columns 3 and 5), and is obviously due 
to the high average temperature (19.6°C.; column 2) during this week. 
If the temperature had not been high, the relative growth rate would 
Wy" In the other data 
analyzed by Briggs, Kidd and West this maximum can also be correlated 
with a high temperature. Moreover, this first appearance of the in- 
florescences occurs several weeks before flowering. It is plain, there- 
fore, that there is no evidence of increase of respiration at the time at 
which the first inflorescences are recorded (van de Sande-Bakhuyzen, 1). 
The minimum increase in dry-weight at the time of flowering or actual 
fertilization is not caused by low temperature as inspection of the 
appended table and of the tables of other investigators shows. If we 
calculate the increase in water (fresh-weight minus dry-weight) at this 
time, we find that this is minimum as well, the gain in water is even 
diminished more than the gain in dry-weight, as the increase in water 
divided by the increase in dry-weight isalsominimum. ‘This is reflected 
in a sudden drop of the relative water content of the total plant and its 
different parts, such as leaves, stems, etc. Now the total leaf area 
begins to decrease at this same time, due to the dying of the lower 
leaves. The loss of water is, however, not caused by the loss of leaves 
since this minimum of the increase in water can be recognized in the 
stems, inflorescences and roots. Nor can the minimum of the increase 
in dry weight be ascribed to the decrease of leaf area as this is too slight 
to account for the large decrease in gain in dry-weight. The gain in 
water in the whole plant may nevertheless be positive, since it also de- 
pends upon the value of the increase in dry-weight. But in several cases 
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there is an actual loss of water in the plant and in its different parts 
as in maize (Schweitzer, 77), barley (Burd, 16) and potatoes (Wildt, 84; 
Konig, 41). The most reasonable explanation that can be offered for 
these different phenomena which occur simultaneously at the time of 
flowering is to assume that at this time there is an actual loss of water 
from the plant and from its parts. As several investigators (Dastur, 
19; Iljin, 32; Brilliant, 12) have found that the assimilatory capacity of 
leaves decreases if their water content is lessened, the decrease in 
water content actually found at the time of flowering accounts for the 
minimum increase in dry-weight. This lowering of the water content 
of the leaves also causes the lower leaves to gradually die off (Dastur, 18). 
As the relative water content of the plant and its parts gradually 
decreases subsequent to flowering, more leaves die off until finally the 
whole plant dies. If we summarize all the phenomena at the time of 
flowering or first fertilization, arranging them on a causal basis, we get 
the following sequence of physiological phenomena: 

1. Appearance of 100 per cent inflorescences (female in the case of 
maize) or flowering of the maximum number of inflorescences (100 per 
cent as a statistical effect if a number of plants are harvested, full 
flowering in a single plant). 

2. The minimum of absolute increase in water. 

3. The minimum of increase in water relative to the increase in dry- 
weight, so that the relative water content decreases. 

4. The minimum increase in dry-weight per unit leaf area of per unit 
leaf dry-weight. 

5. The minimum increase in total dry-weight. 

6. The minimum of the relative increase in leaf area. Indeed, there 
usually is an absolute decrease of leaf area at this time. 

7. Length growth is lessened or stopped at this time. In the wheat 
grown under constant conditions (see p. 164) daily measurements of 
length growth showed an absolute correspondence between this stop- 
ping of length growth and stamination. 

All these minima hold for the whole plant as well as for the tops, 
leaves, stems, inflorescences and roots separately. These minima have 
been found in the analysis (van de Sande-Bakhuyzen, 1) of the data of 
12 papers on the increase of dry-weight in maize (Kreusler, 44, 45, 46, 
47; Hornberger, 29; Brimmer und Kf nig, 13; Neubauer und Teichler, 
57; Oswald 58, 59, 60; Morgen, 53; Schweitzer, 77; Jones and Huston, 
36), in Sinapis (Hornberger, 30) ; in potato (K6nig, 41; Wildt 84), and in 
barley (Burd, 16). That this decrease of relative water content is 
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closely connected with the flowering stage is proven by the fact that the 
relative water content of beet leaves does not decrease during the first 
year (Wildt, 85; Moritz, 54). 

The minimum increase in dry-weight at the time of flowering can be 
explained in several different ways. Kreusler explains it by assuming 
high respiration. It could also be explained by the absence of an active 
growing point or by the transition of an active cell (unfertilized egg cell), 
to an active meristematic tissue, the “‘lag’’ found by Priestley and 
Evershed (64), at the time at which the lateral roots begin to develop. 
These assumptions, however, do not explain the minimum increase in 
dry-weight of the roots, the loss of water in the plant and its parts and 
the dying of the lower leaves. We believe therefore that the loss of 
water is the most important phenomenon occurring at the time of 
flowering. It is the initial phase of death of the annual. After flower- 
ing the principal gain in dry-weight is in the seeds and fruits, while the 
stems gain only little or nothing at all. 

In connection with the phenomena which occur at the time of fertili- 
zation here discussed, it is interesting to note that Murneek (55, 56) 
came to very similar conclusions, starting from quite another point of 
view. He found that the vegetative growth of tomatoes was inhibited 
by the developing fruits, i.e., the more fruits were developing the less 
was the vegetative growth. The number of fruits required to cause 
complete inhibition of further vegetative development had to be larger 
if the supply of nitrogen was abundant. If the nitrogen supply was low 
the vegetative development was promptly inhibited by the presence 
of even a single small fruit. Murneek finds an explanation of this phe- 
nomenon in the fact that the developing fruits monopolize the nitrogen 
available in the plant, so that the vegetative parts of plants with fruits 
are poorer in nitrogen than the same parts of plants from which the 
fruits have been removed. Now it is known that plants with an 
abundant supply of N or a high N content have a much higher water 
content than plants with a low N supply or low N content (Kraus and 
Kraybill, 43; Kraus, 42; Turner, 79). If therefore the inhibition of 
vegetative growth is the effect of the loss of water, it is understandable 
that in the tomato plants with an abundant N supply this inhibition 
was less marked than in N low plants. Therefore we believe that there 
is probably a loss of water in the vegetative parts of the tomato plant, 
relative or absolute, at the time at which the fruits begin to set, just as 
we have pointed out for many other plants. In the light of present-day 
knowledge, it is premature to discuss the relation between high N con- 
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tent and high water content; Kraus and Kraybill think the nitrogen 
might have a lyotropic effect in increasing the water-holding capacity 
of the protoplasm. 

There is some evidence that at the time of flowering the absolute 
increase in N and salts is minimum, both absolutely and calculated per 
gram dry-weight gained (Hornberger, 29). Burd (16) found an absolute 
loss of nitrogen and potassium in barley. The data of Schweitzer (77) 
for maize seem to show such a loss in total ash, especially phosphorus 
and potassium. Other experiments, mentioned by Burd, are not quite 
conclusive as Burd himself points out. 

With the phenomena at and after the time of flowering we have come 
to the end of the life cycle. The determination and especially the 
analysis of the relative growth rate curve is a valuable help in the 
analysis of the growth curve itself. It gives, however, only a descrip- 
tion of both quantitative and qualitative development, not an explana- 
tion; it states that the efficiency of a plant as a “producer of new plant 
material’? is the product of two different efficiencies. The first is the 
efficiency of a unit leaf area, a unit leaf weight or a unit amount of 
chlorophyll in synthesizing new organic material with the help of the 
energy of the sun; this is a chemical efficiency. The second is a struc- 
tural efficiency, determined by structural differentiation of the entire 
plant; it determines which part of the total plant can engage actively 
in photosynthesis. However, one must be careful not to consider the 
relative growth rate as a physiological factor involved in the growth 
processes. For example, the maximum increase of the relative growth 
rate cannot ‘‘supply the necessary stimulus for the plant to set itself to 
produce reproductive organs’ (Inamdar, Singh and Pande, 33). Simi- 
larly the statement that ‘‘the impulse of the plant is to attain its maxi- 
mum rate of growth as early in life as possible” (Brenchley, 5) suggests 
that the relative growth rate represents a simple physiological process or 
phenomenon. 

The structural efficiency is not a constant for the species, but can be 
changed by external conditions. On the top/root ratio, especially, 
there exists an extensive literature (Turner, 79). We enter here the 
sphere of experimental morphology. It is certain that the physiological 
or physico-chemical state of protoplasm in growing points and growing 
cells must be different in order to produce roots, leaves, stems and 
inflorescences. As this state also depends on external conditions, 


? We mean here only the efficiency of a plant during a short period, not an 
average efficiency over a long period in the sense of Blackman’s efficiency index. 
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different external conditions will change the structural differentiation. 
For this reason a negative correlation between different organs appears. 
If a fruit is able to develop, while at the same time no vegetative growth 
occurs, as in the tomato (Murneek, 55, 56), this is not explained by the 
fact that the fruit monopolizes the nitrogen of the plant at the expense 
of the rest of the plant. It proves only that the conditions of the cells 
in the fruit are such that they can utilize the nitrogen, whereas the 
vegetative cells cannot. The ‘‘correlation theory of growth” as ad- 
vanced by Pearsall (62), Mason (49), Murneek, (55, 56), Turner (79) 
and others therefore merely states a fact, and does not give an ex- 
planation. 

CORRELATION BETWEEN SEED, YOUNG PLANTS AND FINAL DRY-WEIGHT. 
The fact that the growth curve may be approximated by joining 
every set of successive observations by an exponential curve (formula 
-(4)), proves that, however the relative growth may change throughout 
the life cycle, the dry-weight at any time depends upon the original 
dry-weight. Therefore a correlation exists between the seed weight and 
the final yield, linear if the later values of the relative growth rate are 
not affected by the original seed weight, less direct if these values depend 
upon the absolute dry-weight of the seed. Trelease and Trelease (78) 
found such an indirect correlation for marquis wheat. The dry-we'ght 
after 41 days was higher if the original seed was heavier, but the average 
relative growth rate of the heavier seeds was the lowest, the original 
seed weight being taken as initial weight. For the lightest class this 
value was the largest, for the intermediate class intermediate. ‘This 
shows that there is a tendency to shift from the extreme class towards 
the intermediate one. Whether the relative growth rate would be 
different in young plants (seeds excluded) is difficult to tell. 

There is an extensive literature upon the correlation between the 
weight of plants and the weight of the seeds from which they were 
grown. Often no distinct correlation was obtained, which might be 
explained in some cases by the shift mentioned above. ‘This correlation 
may be obscured even more by changes in external conditions. 

Pearl and Surface (61) who worked with maize and Reed (67) who 
worked with Helianthus found that if an individual plant belonged to a 
class of great height at the beginning of the life cycle, it usually stayed 
there; this held for the different classes of height. But they observed 
the same shift towards the intermediate classes. It is possible that the 
structural efficiency is different in the different classes, which would 
account for the shift. The authors explained the fact that the plants 
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usually stayed in the same class, by assuming an hereditary factor for 
height. It can be explained, however, very well on the basis of the 
relative growth rate formula, which emphasizes the initial weight or 
length. Kidd and West (37) have also discussed the relations of the 
seed and seedling to subsequent growth and yield of plants. 

SPECIAL FORMS OF RELATIVE GROWTH RATE CURVES. The general 
equation of the relative growth rate of any plant under any conditions is: 


At Bet Cat + Do +... (14) 


In it xz is used instead of W. Enriques (22) has discussed a similar 
formula for the absolute increase of zx. 

If in formula (14) all the higher powers of x as well as its first power be 
omitted, the formula shows that the relative growth rate is constant = 
A. In this case the dry-weight curve is exponential If the relative 
growth rate increases or decreases, we can expect, in a general way, the 
sum of different powers of x to be positive for the ascending limb of the 
relative growth rate curve, but negative for the descending limb. If, 


in the latter case, we omit the powers of x beyond the first one, we 
obtain a formula, which we may write, 


—-.-=A-— Br (15) 
In this case the relative growth rate plotted against the actual values of 
x itself, yields a straight line, whose intercept on the y-axis = A, and on 
the z-axis = B The relative growth rate will become zero if growth 


no longer takes place, i.e., after the final dry-weight or length has been 
A 
reached; in this case A = Bz or 2, the final dry-weight = 


B Now if 
we multiply both sides of equation (15) by z we get: 
= 2 (A Br) = ke (a2) (16) 


in which k is equal to B (the slope of the straight line) and a = . is the 


final dry-weight or length. The formula for this special form of the 


relative growth rate curve is identical with the formula for the auto- 
catalytic reaction. 
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Several investigators (Robertson (70), Reed (68), Reed and Holland 
(66), Gregory (24, 25), Schuepp (76)) have claimed that in some cases 
the growth curve can be expressed by the formula of autocatalytic 
reaction or even that growth is an autocatalytic process. A positive 
autocatalytic reaction is a chemical reaction in which one of the reaction 
products acts as a catalyst which speeds up that reaction; this reaction 
product is maximum after the reaction has reached its final equilibrium. 
If we apply the definition of a positive autocatalytic reaction to the 
growth of annual plants, we might consider that the leaves, being reac- 
tion products of the ana- and catabolic processes in the plant, act as 
catalysts. To be sure if the organic material formed by the leaves is 
used to build up new leaves, this speeds up the gain in dry-weight; 
this is, however, only a symbolic way of putting the question, as the 
leaves cannot be considered as reaction products. Moreover the gain in 
dry-weight after flowering is connected with a decrease in leaf substance, 
a phenomenon which is inconsistent with the fact that in an auto- 
catalytic reaction the amount of catalyst is maximum at the end. This 
is shown by formula (15) which is approximately equivalent to 

A — Bx, 
Xz = Xe (17 
where 2, and 2, are the dry-weights at the ends of successive weeks. 

Formula (17) holds only for very short periods. It is not necessary 
to make the hypothesis that during the time that the absolute growth 
rate increases (auto-kinetic phase of the growth curve) some substance 
catalyzes the growth process, as the increase in leaf area itself has that 
very effect. However we could imagine that such a growth-promoting 
catalyst vanishes or that a growth-inhibiting catalyst accumulates 
during the second part of the life cycle (auto-static phase). This con- 
ception would, however, be different from that of autocatalysis. More- 
over there is no mathematical basis for the theory that growth is an 
autocatalytic process (van de Sande-Bakhuyzen (2)). 

The investigators who have claimed the autocatalytic formula holds 
for growth processes, i.e., length growth and increase in dry-weight,* 
used the integrated form of formula (16): 


(18) 
Zz 


* For increase in fresh-weight it cannot hold at all as both Davenport (20), 
and Enriques (22) have pointed out. 
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in which K = ak, to is the time at which half the final value has been at- 
tained and z is the dry-weight or length at timet;. This formula is very 
flexible as Enriques has shown. Asaand ¢, can easily be calculated from 
the data, K can be calculated from every value, with the help of tables 
given by Robertson (70). If the different values of K are averaged, we 
can then reverse the calculation and thus obtain the theoretical values 
of x. If the original formula holds, the values of K must be identical. 
This is, however, not the case for the data found in the botanical litera- 
ture to which the autocatalytic reaction equation has been applied. 
Indeed these values may vary 70 or 100 percent. Usually a pronounced 
minimum of K is found in the middle of the life cycle. 

A better way to test the validity of the autocatalytic formula is to 
test whether formula (16) holds, i.e., whether the relative growth rate of 
length or dry-weight plotted against the actual values yields a straight 
line. As the relative growth rate in many cases increases at the begin- 
ning, it is obvious that for this part of the life cycle Robertson’s formula 
cannot hold. Furthermore Gregory (25) points out that the first 40 
per cent of the total life cycle of barley cannot be represented by an 
autocatalytic reaction equation, though the second half of the growth 
cycle can, as it obeys equation (15). This is the only case for plants 
encountered by the writers, in which this equation holds. Recalculation 
of all other series of data in the literature made by the writers shows 
that if the decreasing values of the relative growth rate are plotted 
against the actual values, we obtain a curve convex toward the X-axis, 
which proves that k (the slope of this curve) is not a constant. This 
was the case for the following: length growth of shoots of Bartlett pears 
(Reed, 68), height of walnut trees (Reed, 68) and of Helianthus (Reed 
and Holland, 66), the area of single leaf of Cucumis and of Phaseolus 
(Gregory, 24; Vyvyan, 81), length growth of a zone of 1 mm. of the root 
of Vicia Faba and of the coleoptiles of Avena (data of Sachs and Sierp 
quoted by Rippel, 69). The data of Kreusler are not sufficient to prove 
whether or not this curve is a straight line in the case of maize. The 
calculations of Reed sometimes show a difference of 25 per cent between 
the calculated and observed data. The phenomena occurring at the 
time of flowering, however, prove that the increase in dry-weight cannot 
be determined by a simple equation. Therefore, since formula (16) 
does not hold for the period of the life cycle during which the relative 
growth rate decreases, A-Bx has to be changed to A-Bf(x). There is 
now no reason to take a factor outside the brackets, as k, the slope of the 
curve corresponding to the straight line (formula (15)), is not constant. 
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Formula (17) as a general expression of the relation between two con- 
secutive observations on the descending limb of the relative growth rate 
curve not too far apart, must be written as: 


— Bf (x) (19) 


This function proves in some cases (height of Helianthus, length of 
shoots of Bartlett pears, quoted above) to be approximately a loga- 
rithmic one: in other cases it may be more complex, if higher powers of 
x, or log x have to be inserted. The function of equation (19) may be of 
many different types and yet the equation may represent an S-shaped 
curve for z. 

As a more significant formula, a formula which is the combination of 
all the formulas (7), (9) and (13) discussed in this paper, and which is 
the expression of the physiological activity of a plant as well as of its 
morphological activity (by which is meant progressive differentiation) 
the following formula is advanced: 


= (20) 


in which r is the relative growth rate, dW is the increase in dry-weight 
(W) during the time dt, A is true assimilation, a is a constant depending 
upon respiration, L, is leaf area, L is leaf weight, S is stem weight, R 
is root weight and J is weight of the inflorescences. 

The salt intake is not considered in this paper, as throughout the 
assumption was made that the growth processes under constant and 
optimal conditions can be analyzed to a large extent without con- 
sidering the salt intake. 

The formulas advanced by Mitscherlich and others (literature quoted 
by Briggs (8)) therefore are not discussed in this paper, as these formulas 
are expressions of the influence of varying salt content of the soil and 
other varying external conditions upon the growth of the plant. 

It is tempting to apply some of the viewpoints deve.oped for the 
growth rate of plants to the growth of animals. Very considerable 
similarities may thereby be uncovered provided one leaves out of con- 
sideration the four phenomena so striking in plants but absent, or at 
any rate insignificant, in animals. These have already been pointed out. 
The first is that the plant continues throughout life to form new organs, 
whereas the animal forms no new ones except in the earliest stages of 
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development, though the power to do so is not necessarily lost. The 
second is photosynthesis, whereby the plant catalyzes, as it were, in 
proportion as it increases its leaf area, its growth; lifts itself up by its 
boot-straps. The third is that the plant always retains at the growing 
point embryonic tissue, the mass of which may not change greatly 
during life, at any rate.in shoots of many annual plants. It is the em- 
bryonic tissue at the growing point that makes it, possible for the plant 
throughout life to develop new organs. In animals anything strictly 
analogous to the growing point is lacking. The fourth is that the 
plant is in very large degree the plaything of its environment, 
whereas the animal, and especially the warm-blooded animal, is in 
large measure independent of environment. 

The importance of these four factors in one case and their unimpor- 
tance in the other is responsible for the very different modes of attack 
that have been employed in the study of the growth of plants and 
animals. 

The fact that plants continue to form new organs whereas animals 
do not has made it seem important to study growth in size. ‘This tend- 
ency has been encouraged by the relative ease with which such measure- 
ments can be made and by the difficulty of measuring mass by weighing. 
The shapes of plants are relatively simple and size measurements there- 
fore comparatively easy, whereas measurements of mass by weighing, 
even of plants grown in water cultures, are unsatisfactory. Plants in 
ordinary soil cultures can only be weighed after removal from the soil 
whereby the plant is destroyed and weighings at later stages of growth 
made impossible. Animals on the other hand have forms more difficult 
to measure, whereas weighings are easy to make and do not involve 
destruction of the animal. And so it comes that the majority of the 
studies upon plants have dealt with changes in size, whereas in the case 
of animals the majority have dealt with changes in weight. 

Now change in size may be a less reliable index to growth than change 
in mass and this is especially true for plants in which change in form and 
size may be the expression of such influences as intake and retention of 
water rather than cumulative increase in living substance resulting 
from constructive metabolism (Priestley and Evershed, 64). Recog- 
nition of these relations led botanists at an early date to undertake 
studies of changes in dry-weight and in chemical composition. In this 
they were encouraged by the demands of agriculture to learn the 
fertilizer requirements of crop plants. One of the current methods of 
determining the exhaustion of the soil or the best time to apply fertilizer 
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is to determine by chemical analysis of the growing crop what soil con- 
stituents are removed by it. Because changes in composition of animals 
are less obvious and because the, composition of the animal body is less 
important to agriculture than the composition of the crop, studies on 
the changes in the chemical composition of animals during growth have 
been comparatively few until recent times. No doubt the greater 
difficulty of analyzing animal material has contributed to the com- 
parative neglect of this field of study. Even today the material avail- 
able is hardly adequate for satisfactory analysis of growth, organ by 
organ and tissue by tissue. 

Yet, if any lesson can be drawn from the course of the study of plant 
growth, it is that more studies upon animals, organ by organ and tissue 
by tissue, are badly needed. It may be questioned whether the tacit 
assumptions that are implied in the study of the growth of an animal as 
a whole are warranted. The following are some of these assumptions: 

In interpreting the growth curve of an animal as a whole the assump- 
tion is commonly made that the growth rates of its different organs and 
tissues do not differ greatly at any given moment and that in conse- 
quence the growth curve has significance because it is the resultant of a 
series of rates that differ comparatively little one from the other. And 
this implies the further assumption that all or nearly all the mass of the 
animal body is growing, that structural efficiency, which plays so large 
a role in the growth rate of plants, is of little or no importance in 
animals. And this in turn implies the assumption that animal growth 
is in the main by cell division and in no great measure by increase in 
mass of cells through imbibition or otherwise. 

If we examine these assumptions one by one it seems questionable 
whether they are justified or at any rate it would seem that they should 
not be accepted without further investigation. 

It may be stated confidently that any assumption that the growth 
rates of different organs and tissues at a given moment are similar is 
unwarranted, for it has long been known that different tissues make 
their principal growth at different periods of the life cycle. Thus 
Donaldson (21) recognizes that the organs of the white rat from this 
viewpoint group themselves into three classes: 1, organs with an early 
rapid growth: brain, spinal cord, eye-balls; 2, organs with a nearly 
uniform growth after the first very early phase of rapid growth: heart, 
kidneys, liver, spleen, lungs, (blood), alimentary tract, stomach, pancreas, 
submaxillaries, thyroid, hypophysis and suprarenals; 3, organs with a 
sinuous graph in which the most marked rise appears before puberty: 
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ovaries, testes, epididymis, thymus. Hence the growth rate at a given 
moment of an animal as a whole is the resultant of a considerable 
number of different growth rates. At no two moments, except perhaps 
after the animal has nearly reached its maximum, are these component 
rates necessarily similar. 

The writers have calculated the relative growth rates for the organs of 
the white rat from the data on dry-weights given by Lowery (48). This 
was done by dividing the difference between the logarithms of the dry- 
weight at the end of the time interval and the logarithm at the beginning 
of the interval by the number of days in the interval. The following 
results were obtained: 


Growth rate 0-7 day of skin >skeleton>musculature> whole body>all viscera 
Growth rate 7-20 day of muscles>skin>all viscera>skeleton>whole body 
Growth rate 20-42 day of muscles>all viscera>whole body or skeleton>skin 
Growth rate 42-70 day of muscles>whole body>all viscera or skin>skeleton 
Growth rate 70-150 day of muscles>any other tissue 

Growth rate 150-365 day of muscles>any other tissue 


The skin which grows fastest in the first period grows most slowly in 
the third period. The skeleton which is second in rate in the first period 
is last in the fourth period. The changes in rates are most striking. 

Unfortunately, Lowery gives only average values. It is therefore not 
possible to determine definitely by any mathematical procedure whether 
or not these changes in rates are significant. Some of the differences in. 
rates are, however, quite large. The presumption, therefore, is that 
they are significant. At any rate it is fair to say that the burden of 
proof lies on him who would assert that the relative growth rates of 
different tissues do not change in different ways for different tissues 
during growth. 

It can also be stated confidently that the assumption that all or 
nearly all the mass of the animal body is growing is unwarranted as was 
long ago recognized by Davenport (20), who found that the increase in 
body substance of tadpoles is largely due to a non-growing substance, 
water. On the other hand, it has been shown for the ox by Moulton, 
Trowbridge and Haig (51) that the water content decreases very rapidly 
from conception to birth and less rapidly thereafter until at 5 to 10 
months a practically constant concentration is reached. This point 
Moulton (52) terms the point of “chemical maturity” of the cell. 
Moreover, it has long been recognized that the fat content of animals is 
variable and in recent years many investigators (literature given by 
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Moulton (52)), especially students of the growth of meat animals, have 
reduced the weights of growing animals to a moisture and fat-free 
basis. These facts together with the fact that different tissues and 
organs cease growing rapidly at different periods of the life cycle make it 
quite certain that in animals as well as in plants structural differentiation 
is a factor that must be considered in studying growth rates as Enriques 
(22) suggested. Structural differentiation implies the introduction of 
factors limiting growth, especially cell division. Hence the structural 
efficiency of an animal must decrease as its structural differentiation 
advances. 

And finally, it may be asserted with confidence that the assumption 
that animals grow only or mainly at all periods of the life cycle by cell 
division is unproven. It is well known that in certain tissues, notably 
in the nervous system and probably in the musculature, cell division 
ceases early in life. Yet increase in weight of the brain (Donaldson, 
21) and of the musculature (Jackson and Lowery, 35) can go on there- 
after. Indeed, the main increment in weight of the white rat in later 
stages of growth, in so far as it is not fat, is contributed by the muscula- 
ture (Jackson and Lowery, 35). It must be due, therefore, in large 
measure to increase in size of cells rather than to multiplication of cells. 
Whether the two forms of growth are equivalent and obey the same laws 
may be doubted. As in plants one has to distinguish between growth 
due to cell division and growth due to increase in mass, sO one may 
perhaps in the future have to distinguish in animals between growth 
through cell division and growth through increase in mass of cell 
substance. 

If the considerations just presented are sound they raise the question 
whether the very simple methods of analyzing the growth rates of 
animals proposed by a number of investigators may not be misleading. 
If, for example, growth is governed by one autocatalytic master reaction, 
then we must assume that a single reaction affects the relative growth 
rate of different tissues in quite different ways. This is an assumption 
that the writers do not find it easy to make. Or we must assume that 
each tissue has its own master reaction and its own constant in the 
equation of its growth curve. If we make this assumption little remains 


of the conception that growth as a whole is controlled by a single master 
reaction. 
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